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...materials chemistry has emerged as a discipline
in its own right, closely intertwined with
activities traditionally recognized being in the
domain of solid state chemistry.

| nt roduction to the Report

There is currently rnmuch discussion concerning the
appropriate National paradigm for  support of research.
Accordingly, it seens especially inportant to evaluate recent
advances and to articulate future challenges and opportunities
in particular research areas. This is especially true of the
rapidly enmerging and changing field of Solid State Chem stry and
Materials which has undergone explosive growh, both in
industrial and in academ c | aboratories, over the |ast decade.
Part of this trend nay be attributed to the discovery of new
materials with inportant technol ogi cal applications, and part of
this is a reflection of the growth in intellectual scope of the
field whose boundaries have expanded considerably: materials
chem stry has energed as a discipline inits ow right, closely
intertwwned with activities traditionally recognized being in
the domain of solid state chemstry. It therefore appeared
timely to institute a workshop on the Present Status and Future
Devel opnments of Solid State Chemistry and Materials to survey
the many different activities in this field and to outline
enmergi ng and exciting trends, needs, and chal |l enges.

The following guiding principles were adopted for the
devel opnment of an agenda appropriate to a Wrkshop; these were
devel oped at NSF as detailed in Appendi x A

« Define research opportunities in the field of solid
state chem stry and material s.

e ldentify the nost inportant multidisciplinary areas
for involvenent by the solid state chemstry and
materials comunity.



* Determne novel roles for the Solid State Chemi stry
and Materi al s conmuni ty t hat will advance
educational and training opportunities for future
scientists, engineers, and technicians.

e Develop new approaches that allow for the nore
effective and efficient conduct of research and
educational activities.

The Workshop was held January 15-16, 1998 at the NSF
headquarters in Arlington, VA. Thirty-four individuals
participated in various presentations; twenty-four registered
i ndi vidual s were in attendance as observers, and approxi nately
thirty-five additional individuals, nostly NSF personnel, were
present at various times during the Wirrkshop. A very inportant
conmponent of the W rkshop was the preparation of the Conference
Proceedings as a report that was to receive wi de distribution.
One of the ains of this docunment is to encourage continuing
wi de-ranging discussions of current advances and research
opportunities in this area which is of great inportance to our
nati onal wel fare

The Workshop began on Thursday, January 15, 1998, with four
topical presentations in the areas of: Strategies for New
Materials Discoveries, R. Cava, Coor di nat or; Structure
Properties Relations, S. Lee, Coordi nator; Hybrid Materials and
Interfaces, M D. Ward, Coordinator; Societal Needs and
Technological Opportunities, D. W Mirphy, Coordinator; other
invited participants in the topical presentations are |isted
with the Topical Area Reports beginning on page 14. Smal |
foll owup group discussions on these topics were schedul ed for
the afternoon; at the sane tine, the Panel D scussion G oups net
to plan their presentations for the next day. In the evening, a
neeting was held at which the various topical coordinators
presented their prelimnary outlines for the report. Cbservers
were encouraged to participate in all the discussion neetings
and to ask questions during the presentations.

On Friday norning, January 16, the following panel
di scussi ons were hel d: Education and Training, S. M Kauzl arich,
Coor di nat or; Facilities and Resources, T. M Swager



Coordinator; "What 1is Materials Chemistry?”, S. |. Stupp
Coordinator; other invited participants in the panel discussion
presentations are listed with the Panel D scussion Reports
begi nning on page 52. 1In the afternoon, the participants in the
topi cal presentations and panel discussions nmet to work out a
prelimnary version of the reports in their respective areas.

The various coordinators then net with T. E. Mllouk and J.
M Honi g on Saturday norning, January 17, to conplete their work
on a draft version of their report.

It should be enphasized that all areas that conprise Solid
State Chemistry and Materials activities could not be covered in
the limted tine frane of the Wrkshop. These topics fell
largely in the rubrics of chimie douce, organonetal lic
chem stry, polyner chem stry, and sone aspects of nanoscal e and
nmesoscal e research. Many of these topics were taken up in an
earlier Wrkshop on Interdisciplinary Macronol ecul ar Sci ence and
Engi neering, organized by S. |I. Stupp and held May 14 - 15
1997, and in a Wirkshop on Materials Design and Processing at
t he Nano- and Mesoscal es through Sel f-Assenbly, organized by M
Tirrell, and held on January 13 - 14, 1998. Further workshops
in the Solid State Chemi stry and Materials area are planned in
subsequent years, with a conplete rotation of personnel, so as
to mnimze any built-in prejudices that could hanper the
devel opnent of the field. In view of the above, it is
particularly inmportant to take the recommendations in the
present report as an indication of possible future research
opportunities and additional funding initiatives. Not all
worthwhile activities could be considered in the limted
Wor kshop agenda. Thus, if ongoing research in the Solid State
Chem stry and Materials area is not specifically nmentioned in
the present report, this is not to be construed as indicating
that such activities should be de-enphasized or discontinued.
This report is meant to stinulate continuing conmunity
di scussi on and pl anni ng; the Wrkshop format is perhaps only one
of several options under which such vital discussions can occur.



EXECUTI VE SUMMARI ES

STRUCTURE- PROPERTY RELATI ONSHI PS - S. LEE

Conput er-based cal cul ational projects form an inportant

t ool for the adj ustnent of vari abl es t hat optim ze
characteristics linking the synthesis of all types of materials
with desired physical properties. Tools available for this

pur pose and goals for successful inplenmentation include:

. User-friendly data bases (enunerated in the text)
whi ch survey conpounds, reactions, physi ca
properties, and structures, conplete with codes that
al | ow processing and statistical studies.

. The construction of quantum structure maps, based on
atomc paraneters, as a function of conposition;
these are useful for the prediction of the existence
of new phases and of their properties.

. Theory and conput ati on. Just as experinental data
are currently used to nodel many physi cal
properties, so theoretical calculations are expected
to influence the generation of new materials and
their properties.

. The devel opnent of i nterconnective information
enconpassing virtually all steps in nmaterials
devel opnent. More collaboration between theorists

and experinentalists is expected to strengthen this
very inportant process.

Density functional theory is a very inportant tool in the
achi evenent of the above-nentioned goals. O great value woul d
be i nprovenents in the enpirical and sem enpirical mnethodol ogies
appropriate to the analysis of very large collections of atons
that begin to sinulate the solid state. A listing of factors
involved is found in Table 1, page 17. Probl ens consi dered
heret of ore as i naccessi bl e have now becone tractable; a listing
is provided in the text.

Recommendations for the future include enphasizing the
value of strong «collaboration between theoreticians and



experimentalists to resolve specific material s i ssues.
Experinentalists should be assisted in | earning how to do their
own cal cul ati ons r at her t han relying excl usively on
t heoreti ci ans. Towards this goal it is necessary to devel op
nore user-friendly codes, organizing tutorial workshops, and
maki ng superconputing facilities nore readily available to
nonspeci al i sts.

DI SCOVERY OF NEW MATERI ALS - R. CAVA

Many di fferent innovative nmethods are presently in use to
di scover new materials by exploration of uncharted regions of
t hernodynam c stability or by materials processing in regions of
netastability. Robot-assisted conbinatorial synthesis is also
bei ng nore conmonly enpl oyed. Methods of choice for synthesis
include tenplating, use of extreme operating conditions, |ow
tenmperature flux and hydrothernmal techniques, self assenbly,
conbi natorial chemstry, soft chemstry, and electrochemstry.
The creative use of such techniques is well illustrated by the
wor | d-wi de research and devel opnent efforts in the area of high
t enper at ure super conduct ors.

Two strategies in use for discoveries are:

. The chem stry-driven approach, which concentrates on
reactions, compounds, or structural notifs, wth
| esser enphasis on properties.

. The properties-driven approach, wth enphasis on
basic science or technological applications of
materials, wth the goal of optimzating their
properties.

Both types of effort are required to advance solid state
chem stry and materials research

New materi al s, such as t he hi gh t enperat ure
superconductors, Jlead the way in technol ogical pr ogr ess,
reveal i ng new phenonena and/or forcing a reevaluation of what



was thought to be understood. A listing of such materials
di scovered in the last 25 years is supplied in Table 2, page 24;
t he obvi ous high degree of interest and activity in this area
conti nues unabat ed. It is therefore inportant to encourage
further active research leading to the discovery of new
materials. A vast area is still unexplored; for exanple, only
0.01% of all possible quaternary internmetallic conpounds have so
far been investigated. Mintenance of core expertise in such an
endeavor is absolutely essential, with particular enphasis in
follow ng up new | eads as these ari se.

As also enphasized el sewhere, a high degree of
interdisciplinary effort should be encouraged to attain the
above goals, centered on the training of students in areas
outside the normal chemstry curriculum NSF should be
encouraged to expand focused research prograns involving solid
state chemstry interacting with contiguous disciplines. The
successful establishnment of such prograns in academ a shoul d be
recogni zed as an inportant consideration in tenure decisions at
uni versities.

Mre effort should be placed on the synthesis of new
materials by design, rather than on finding out what materials
can be nmade. This requires nore studies on reaction nechani sns,

as well as conputer-aided nethodologies which can predict
properties from first principles. As also stated el sewhere,
user-friendly conputer prograns wll greatly assist in this
t ask.

HYBRI D MATERI ALS - M D. WARD

Hybrid materials play an increasingly domnant role in the
synthesis of future products generated through Solid State
Chem stry and Materials research and devel opnent. A ngjor
problemin this devel opnment is the proper control of interfaces
separating dissimlar conponents. Thus, future Solid State



Chemi stry and Materials research nust adequately deal with new
interface design principles and wth the devel opnment of

functional nolecular entities capable of controlling interfacial

properties. This also requires structure and property design at

small length scales so as to achieve conplex hierarchical

structures at large length scales. Exanpl es of emerging
activities include thin filmstructures, |ayered conpounds, as
wel | as three dinensional crystalline and disordered networks.

Synt hetic nethods generally involve the 'bottomup' approach by
(a) deposition of filnms, (b) use of nolecular building blocks
for synthesis of self-assenbled nonol ayers, (c) sol-gel

synthesis, (d) organic structure or surfactant-directing agents,

(e) use of colloid chemstry and intercalation. In these
activities tenplating provides exquisite control over synthesis
of hybrid materials with desired properties. Such operations
are generally carried out wunder conditions far renoved from
equilibriumat |ow tenperatures to ensure stability.

The above operations require characterization capabilities
with a new generation of tools capable of operating in the
m crodomai n, especially mcroscopic imging and topography,
probing buried interfaces, devel opi ng new nethods for detection
of defects and trace analysis, and developing user-friendly
theoretical tools for nodeling interfaces. Future chall enges
include the establishnment of structure-property relationships
i nvol ving several |ength scales, studies of non-coval ent forces
governing interfacial structures, learning how to control
i nterfacial stability, devel opi ng better conput at i onal
strategi es, and systematic devel opnent of new material s.



SOCI ETAL NEEDS AND TECHNOLOGI CAL OPPORTUNI TI ES -
D. W MJRPHY

Societal needs and technological opportunities nay be

addressed by understandi ng, controlling, and predicting
properties of solids, so as to produce new materials wth
superior properties. Solid State Chemstry and WMaterials
activities have inpacted on everyday activities in diverse areas
such as heal t h, ener gy, envi ronnent , el ectronics and
conmuni cat i ons, transportation, security, scientific

br eakt hr oughs, and education. W depend both on sudden burst of
insight and on logical extension of current technologies to
attend to societal needs.

Technol ogi es dependent on a Solid State Chemstry and
Mat eri al s knowl edge base are growing as fast as 50% per year,
which requires a stream of steady Solid State Chemstry and
Materials research activities that largely evolve and grow in

response to energing technological needs. This calls for
adventurous research activities, proper allocation of resources,
skill sets that allow new know edge to be acquired, and

i nvestigations into new areas. The US ranks high in Solid State
Chem stry and Materials portfolios, but is seen lagging in
fundanmental research that produces new naterials. Anot her
danger signal is the scaling back of fundanental research in the
i ndustrial sector. Mechanisns to reverse this trend should be
encouraged, and serious attenpts should be nmade to renove
obstacles such as Iimting intellectual property rights. Steps
such as providing sabbatical |eaves of absence, encouraging
scientific exchanges, and instituting nore tutorials are also
i mportant in redressing the problem

A detailed listing of representative acconplishnents and
opportunities in the Solid State Chem stry and Materials area is
furnished in Table 4, page 51, in the body of the report.



PANEL ON EDUCATION - S. M KAUZLARI CH

Many undergraduate students go through their curricul um
wi thout ever being introduced to the chemstry of extended
structures. As arenedy it is inportant to:

. include Solid State Chemistry and Materials subject
matter in elenentary courses,

. train teachers to appreciate and foster the subject
ar ea,

. foster i nterchange of resources and research
capabilities anong researchers in the field,

. publicize by outreach highlights in the Solid State
Chem stry and Materials area

Listed in the body of the report are a nunber of NSF-
sponsored educational projects which the Panel identified as
havi ng been highly successful at the K-6 grade | evel, the mddle
and high school range, and for the college curriculum nost
rel evant and notabl e anong these is the Sumrer Research Program
in Solid State Chenmistry for Undergraduate Students and Col | ege
Facul ty, which has been highly successful. Materials intensive
courses are identified in the main body of the report, as well
as instructional nmaterials, appropriate resource articles,
nodel s, and the like. The Panel also provided information on
(a) instructive articles in the related areas of polynmer and
materials science, (b) |listings of research efforts in these
areas, (c) descriptions of research opportunities in these
fields, (d) the present status of the initiation of the |GERT
program at NSF.

The Panel further issued several recommendati ons:

. Gui dance shoul d be provided to prospective students
in the Solid State Chemistry and Materials area
t hrough wor kshops, t ext books, Anerican  Chental
Society-certified courses, teamtaught instruction,
and Ph.D. prograns specific to the area.

. Special curricula should be set wup enphasizing
under graduat e research prograns that are supervised



by small collaborative teans of faculty in different
departments or even different canpuses.

. Current NSF-sponsored research should include an
educat i onal conponent.

. The Solid State Chemistry and Materials activities
shoul d have wi de representation at national neetings
of professional societies through plenary |ectures
and tutorials involving cutting-edge work in the
field.

. A web site should be instituted on teaching
resources, as should faculty web sites, research and
co-op opportunities and fellowships, and research
interactions between faculty and personnel in
nati onal | aboratories.

. An effort should be nmade to provide the public with
better information of activities in the Solid State
Chemi stry and Materials area through articles, other
means of information di ssem nation, and invol venent
in local school science projects.

PANEL ON FACI LI TI ES AND RESOURCES - T. M SWAGER

In its neeting the Panel dealing with Facilities and
Resources conmended NSF for effectively pronmoting science and

innovation with limted resources. The overall consensus is
that the Division of Materials Research maintains a nultifaceted
portfolio that is responsive to scientific needs and

opportunities. Changing tinmes have required new nmechani sns for
supporting young faculty (CAREER), support for inter-
di sciplinary research teans (STC and MRSEC), funding exploratory
research (SCGER), and increased equi pnment resources. The bal ance
of these prograns is considered to be carefully managed so as to
produce the nmaxi mum inmpact from NSF dollars. The Workshop
participants felt that the average grant size should not be
increased if this leads to a reduction in the nunber of
i ndividual grants, for which the success rate is already
dangerously | ow. This comunity also favored a mail review
system in which reviewers are asked to handle proposals in
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bat ches, so as to provide a basis for conparison of the relative
nmerits of different proposals in the sane area. Wile no
specific redistribution of funds in DVR were recomended, the
Wor kshop participants and the nenbers of the facilities and
resources panel voiced strong support for some particular
initiatives. DVWR's recent success in effectively doubling the
| MR budget was warmy appreciated, and is a proper response to
the ever expanding role of sophisticated equipnent and
facilities in the execution of materials research.

The Wdrkshop participants further felt that there was a
reasonabl e bal ance in the allocation of funds to | arge research
centers and individual researchers. However, information
concerning access by outsiders to work station at various
centers should be nade nore readily available to the community
at large than is presently the case. The Wrkshop panel and the
partici pants exam ned presently avai | abl e | ar ge scal e
sophi sticated equi pnent and identified further opportunities for
equi pnment initiatives, including conplex synthesis equipnent
(furnaces, nolecular beam epitaxy, etc.), facilities for
conbi natorial naterials synthesis and screening, high field
(900MHz) NWMR, and equipnent for the characterization of
mat eri al s under extreme conditions (high/low tenperature, high
pressures).

The possibility of creating renote access capabilities that
directly tie into research centers should be carefully exam ned
and then inplenmented. A newinitiative should be pursued which
allows individual scientists to purchase nodern equipnent too
costly to be included in standard grant proposals, and yet not
large enough to qualify for the current equipnment grant
proposal. This is deened to be inportant because of increasing
needs for sophisticated equipnment of this type in the | aboratory
of individual researchers.

The Workshop community al so supported the establishment of
a postdoctoral fellowship programin DVR, which would assist in

11



the training of future researchers. The panel felt that an
expansi on of cooperative inter-agency agreenents woul d represent
an inportant opportunity for graduate fellowship support.
Mechani sns for the nore effective utilization of DOE and N ST
facilities in NSF sponsored research should also be
i nvesti gat ed.

PANEL ON DEFI NI NG WHAT | S MATERI ALS CHEM STRY. -
S. I. STUPP

A panel was organized to pose and address the question
"What is the intellectual scope of materials chem stry?" through
interactive discussion. It was also of interest to this panel
to establish the relations between materials chem st and ot her
wel|l established disciplines, such as chemstry, nmaterials
science, chemcal engineering, and solid state chemstry.
Materials Chemstry is generally taken to be a discipline
concerned with the wunderstanding and control of functional
condensed matter froma chem cal perspective.

Materials utilized by society need to be processed into
macroscopi ¢ functi onal forns; their chem cal nature and
conplexity will evolve over tine. Therefore practitioners of
materials chemstry nust have growing interactions wth all
di sciplines of chemstry and with other fields of science and
engi neering. These interfacial, interdisciplinary efforts are
currently experiencing rapid growh. There is also general
agreenent in the comunity that materials chemstry is an
exciting area of scientific opportunity that wll profoundly
af fect our increasingly technol ogical society. Its inportance
is clearly denonstrated by such trends as the increasing nunber
of journals and publications in materials chemstry, by the
i ncreasing nunber of faculty who are involved in materials
research, by the growing interest of funding agencies in the
wel fare of the field, and by the materials chem stry materials

12



produced by the top 100 chemnical conpanies in the US. The top
six of these conpanies have presently a significant stake and
interests in materials; the nunber of conpanies anong the 100
whose products are nmainly related to naterials chem stry can be

estimated conservatively to be as high as one third. 1In terns
of chemi cal sales the najority of these conpani es rank anong the
top fifty. In light of the above, academcs can play a very

useful and supportive role in the industrial developnent of
materials chem stry and NSF shoul d provi de adequate support of
research and foster industry-academ c cooperation in this area.

13



TOPI CAL AREA REPORTS

Structure-Property Rel ati onshi ps - S. Lee;
Coordi nator, M Greenblatt, T. Hughbanks, A. Rappe.

One may expect that computation will play an even
more essential role iIn the solid state community than it
now plays among molecular chemists, because of the
fundamental importance of properties and structure-
property relations plays in the further development of
solid state chemistry.

Structure-property relationships constitute one of the core
conponents of the solid state chemstry mssion, linking the
synt hesi s of new inorganic, organic, and mesoporous systens with
the desired functional el ectronic, optical, nagnetic and
chem cal properties of actual materials. Therefore, structure-
property relationships are an integral part of npbst and perhaps
all solid state chemstry and materials chemsts research
prograns. Detailed structure-property studies have led to the
optim zation of high T¢ superconductors, fast ion conductors,
dilute magnetic semconductors, naterials undergoing netal-
insulator transitions, mcrowave ferrites, and the |ike.

Wi | e t he core conponent of structure-property
relationships continues to be the careful rmanipulation of
vari abl es, such as conposition and structure in the optim zation
of properties, one can identify three key efforts that wll
generally facilitate such work:

. The emnergence of conputerized data bases
. Quantum structure maps
. Quant um based and enpirical energy cal cul ati ons.

These three key efforts can be inplenented in the foll ow ng four
ener gi ng technol ogi es and techni ques:

14



1. The wutility of wuser-friendly and cost effective
dat abases cannot be under st at ed. Paradi gns for wuser-friendly
system i nclude the Canbridge Structure Database and Beil stein.
These databases allow access to every phase of organic
chem stry, from a catalog of all reported reactions and
conpounds, to physical properties and detailed solid state
structures. Equally inportant databases for the inorganic and
physi cal comunity include Landol dt-Bérnstein, Grelin, ASM phase
di agrans, |1 CSD and the Pearson crystallographic data. It is not
just the availability of the data that is inportant, but also
the developnent of codes which allow for processing and
statistical or conparative studies.

2. A second significant new nethod for the study of
structure-property relations has been the introduction of
guantum structure naps. In this approach one uses a set of
atomc paraneters, based on concepts such as orbital size,
ionization potentials, or nore phenonenol ogical variables.
These then are used to create maps as a function of comnposition
for the physical properties of interest. A partial list of
properties studied include phase stability, structure type, and
super conductivity. In the category of structure type, for
exanple, structure nmaps have been used for the successful
predi ction of new quasicrystalline phases.

3. The third energing area in structure-property studies,
t heory and conputation, can potentially revolutionize the field
of structure-property relations. This is described below in
nore detail

4. A further evolution appears to be enmerging in the range
of structure/property relationships which increasingly involve
i nt erconnections between all steps of the materials devel opnent
process, fromthe very first, generally synthesis, to the very
| ast, the production of processed and shaped naterial goods.
There is therefore a growing awareness on the part of solid
state chemsts concerning the physical, engineering, and

15



econom ¢ properties of the materials they study. Collaborative
interdisciplinary work further strengthens this process.

Theory: Its role in synthesis, structure and properties.

There has been a recent revolution in solid state theory
with the advent of conputationally accessible quantum nethods.
Currently accessible systens include those wth 10% at oms/ uni t
cell. This is an order of magnitude greater than the size of
systens accessible to calculations a decade ago. A simlar
advance in conputational power is anticipated in the decade
ahead.

The current status of quantum nethods in solid state
systens resenbles that prevailing in nolecular chemstry a
decade ago. Today, theory fornms an integral part of nolecular
chem stry. Experinentalist in nolecular chem stry routinely
carry out cal culations on properties such as heats and energies
of reactions, vibrational frequencies, transition states, NW

chemcal shifts, and polarizabilities. In the next decade
theory could have a simlar inpact and profile in solid state
chem stry. For some properties, and for a wde range of
conpositions and structures, solid state chemsts wll view
conput ati onal chemi stry as an invaluable tool. One may expect
that conputation will play an even nore essential role in the

solid state conmunity than it now plays anong nolecular
chem sts, because of the fundanental inportance of properties
and structure-property relations in the further devel opnent of
solid state chemstry - a field which is driven by new material s
and new materials properties.

One of the engines driving the transformation of solid
state theory has been inprovenments and systematization in
density functional theory. Ab-initio pseudo-potentials, non-
| ocal corrections, quantum dynam c nethodol ogi es, and i nproved
conput ati onal speed, have collectively greatly enhanced the

16



accuracy and range of density functional theory; this trend will
undoubt edly continue in the future. By now a wi de variety of
physi cal characteristics have been devel oped within the context
of density functional theory which are listed in the top part of
Table 1. Even nore exciting are the presently energing
capabilities which are tabulated on the right-hand side of the
Tabl e.

Table 1. Density functional theory capabilities

Est abl i shed Capabilities Emer gi ng Capabilities

Bond Lengths and angles within 1% Tenper at ure dependent structura
phase transitions

Vi brational frequencies within 10%  Prediction of new noderate sized
structures

Vol ume- pressur e phase di agrans Ferroel ectric phase transitions
Ordering of structural Bi ndi ng of guests on surfaces and
alternatives porous solids
Static dielectric constants lon transport in crystalline
solids
Band gaps Scanni ng tunnel i ng m croscopy
i mges
Angl e resol ved phot oel ectron Pi ezoel ectric properties
spectra
El ectrochemnical potentials Nonl i near optical properties

Nucl ear magnetic resonance
chem cal shifts

O perhaps equal inportance are inprovenents in enpirica
and sem-enpirical nethodologies, where nore precise force
fields and efficient N-scaling, together with enhanced conputer
power, has permtted calculations within tight-binding theory
i nvol vi ng 10* atons, and for nolecul ar dynam cs, involving as
many as 10% atons. A rough schematic illustrating the interplay
bet ween type of theory, size of systemand relative accuracy is
provided in Figure 1.

17



Number of Atoms
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ol Cl, QMC,
Wave Packet
Low Medium High
Accuracy

Figure 1. A theoretical hierarchy: size vs. accuracy

The result of these theoretical and conputati onal
devel opnents is that problens heretofore inaccessible to
calculational treatnent are now becomng tractable, allow ng
theory to provide wuseful guidance. Mol ecul ar  dynam cs
capabilities soon to be available may provide atomc |evel
resolution of interfaces in liquid crystals, block copolyners,
and other hybrid materials. Wth quantum nol ecul ar dynam cs one
could potentially cal cul ate oxygen transport through ceram cs.
For internetallic investigations prior to synthesis, density
functi onal theory could differentiate between chemcally

reasonabl e alternatives. In pillared clays or intercalation
conpounds such calculations could provide orientation and
binding sites of guest species. First principles techniques

could also be used in the design of |ow band gap conducting
pol yners.

Both experinentalists and theorists sense the synergism
which would cone from closer interaction. One nmay therefore
anticipate collaborative work by experinental and theoretical
materials chemsts ainmed at the resolution of specific materials
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i ssues. As the solid state field progresses, nmuch as in
nol ecul ar chem stry, accurate quantum calculations wll be
carried out by groups primarily involved in experinent, and not
just by theoreticians. The devel opnent of user friendly codes,
the organizing of tutorial workshops, and the generalized
availability of superconputing facilities is strongly urged to
hasten this latter devel opnent. Theory should therefore be
viewed as an integral and fundanental conponent of solid state
chem stry and materi al s.

1. The Discovery of New Materials - R. Cava,
Coordi nator, R. Haushalter, M Kanatzidis.
The combination of various materials discovery
strategies provides the basis for the advancements made
in the understanding of the complex relationships

between composition, structure and properties that lie
at the heart of solid state and materials chemistry.

Where we are:

The discovery, characterization and understanding of new
materials is at the heart of solid state and nmaterials
chem stry. This activity is pursued vigorously at universities,
nati onal | aboratories and industrial |aboratories, in the US
and t hroughout the world, in both group and individual research
prograns. The new nmaterials discovered by solid state and
materials chem sts play an essential role in both fundanenta
and applications oriented research and devel opnment prograns in a
broad range of scientific disciplines and technol ogi cal systens.
Many advances in understanding the fundanental issues in
condensed matter physics, for exanple, are derived from the
physi cal characterization of new materials. In addition, many of
t he sophisticated technol ogies of the future will depend on the
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di scovery and developnment of new materials to replace those
presently known, which will eventually prove inadequate, or wll
lead to the inplenmentation of systens previously inpossible of
realization due to the limtations of the materials now in use.
The rapidly growing recognition of solid state and materials
chem stry in the past ten years as playing an essential role in
many |arger nultidisciplinary research areas is an indication of
its vitality and emerging i nportance.

Wien considered in the context of the larger field of
chem stry, solid state and materials chemstry as a sub-
discipline is experiencing a rebirth. As a consequence, and al so
due to the conplexities which naturally arise fromthe nany-body
interactions which occur in extended structures in condensed
matter, researchers are presently actively engaged in the
process of discovering and devel opi ng the rel ati onshi ps bet ween
the conpositions of materials and their structures. At the sane
time, their structures and their physical properties are being
explored. The growh of the field brings wth it the
introduction of new synthetic techniques. The devel opnent of
techni ques for the control of structure on |length scal es between
those of atomc scale structures (tens of angstrons) and
m crostructures (mcrons) has greatly broadened the range of
materials studied by solid state and materials chem sts and
stimulated forefront nultidisciplinary research

A wide variety of synthetic nethods are presently being
pursued in innovative ways to discover new naterials. These
generally either lead to new regions of thernodynanmic stability
previously not available for synthesis, such as high
tenperatures and pressures, or access to kinetically stable
phases synthesized at significantly |ower tenperatures and
m | der conditions. Chemists are increasingly able to exercise
nore control over structural outcones. The very recent
i ntroduction of robot-assisted conbinatorial synthesis to the
field has opened larger possibilities for the discovery of
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materials wth specific physical properties. Some of these
nmet hods i ncl ude:

« molecular templating, which allows the preparation of
m croporous and nanostructured materi al s,

* synthesis under extreme conditions of temperature and
pressure whi ch yield new t her nrodynam ¢ conpositions and
structures,

* low temperature fTlux and hydrothermal methods, which
defeat kinetic limtations of |ow tenperature to access
new ot herw se unst abl e phases,

« self assembly, which allows the formation  of
hi erarchi cal structures of hybrid materials,

« combinatorial chemistry, which allows the parallel
synthesis and screening of many materials in the
pursuit of optiml physical properties,

* high gas pressure reactions, which allow the synthesis
of phases with unusually high chem cal activities of
ordi narily gaseous conponents,

« soft chemistry - chemie douce, which allows the
synt hesi s of netastabl e phases,

and

* electrochemistry, which allows the formation of
oxi di zed or reduced phases ot herw se i naccessi bl e.

The creative inplenmentation of these synthetic techniques
has often had a wide ranging effect on fields outside solid
state chem stry. The use of the high pressure synthetic nethod
in research on copper oxides is a good exanple of the dramatic
effect that a newly applied nethod can have on a field (Figure
2). After the initial peak in the nunber of discovered
super conducti ng conmpounds in 1988, when a | arge nunber of groups
t hroughout the world were actively looking for new high T¢
materials, there is a secondary peak in 1993, extending for
several additional years. The large nunber of new nmaterials
resulted from the realization that new phases would becone
t hermrodynam cal |y stable under high tenperature, high pressure
conditions. This exanple shows the great potential for solid
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state and materials chemstry to influence the course of
discovery in an inportant international research area outside
its own direct boundaries.
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Figure 2. The nunber of new copper oxi de superconductors
di scovered each year since their initial discovery in 1986.
The second peak in the binodal distribution in 1993 appears
due to the introduction of the high tenperature - high
pressure synthetic nethod to the search for new materi al s.
(courtesy R J. Cava)

Two strategies for new naterials discovery presently are
operational in the field, which have proven successful in
di fferent research environnents. In the chemstry-driven
approach, research is concentrated on a group of reactions,
conmpounds, or structural notifs which are believed to be
interesting, or in need of developnent. In this research
strategy the properties of the materials are secondary to the
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di scovery and structural and chem cal wunderstanding of the
materials thenselves. Such research prograns are not only of
hi gh scientific value, but can also have a |long-terminpact on
the course of applied research, when explored by experts in the
context of their particular interests.

The second strategy for new materials discovery is the
properties-driven approach. In this case, new conpounds are
sought which display a particular physical property or
phenonenon. The notivation can be the exploration of a basic
scientific issue, or the possible long-term technical
application, or both. There is a whol e spectrum of methods used
in this approach, ranging from carrying out a few carefully
pl anned experinents to executing a | arge nunber of w de ranging
experinments (e.g. conbinatorial chemstry). In these strategies,
the finer points of chemstry are often secondary while
properties are paranmount - they are used in a feedback |oop with
the synthesis conditions to find the optimal material. This
approach, although primarily properties directed, has often al so
led to significant scientific contributions in fundanental
research. It can also stinulate the devel opnent of new synthetic
met hods when known net hods are not up to the task.

The conbination of both materials discovery strategies
provi des the basis for the advancenents in the understandi ng of
the conplex relationships between conposition, structure and
properties that lie at the heart of solid state and materials
chem stry.

Where we are goi ng:

New materials play an essential role in fundanenta
scientific and technol ogi cal progress in the physical sciences
because their study frequently reveal s new physi cal phenonmena or
forces re-eval uati on of what has previously been thought to have
been understood. This has been frequently denonstrated in the
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past, often with dramatic consequences. A textbook exanple is
f ur ni shed by t he di scovery of hi gh t enperat ure
superconductivity. Table 2 shows a partial listing of new
mat eri al s whi ch have been di scovered or studied extensively in
the | ast 25 years.

vari ed,

Tabl e 2:

di scovered or extensively studied since 1973.

i ntercal ati on conpounds

fast ion conductors

charge density wave materials
(Hg, Cd) Te

Er - doped fiber amplifiers

i ncormensurate crystals
photorefractive nmenories
non-1linear optical materials
organi ¢ superconductors

dilute magnetic seniconductors
spi n gl asses

m croporous solids

i nternedi at e val ence conpounds
metal -insulator transition
conpounds

copper oxide, high T¢
super conduct ors

Casual

i nspection shows that the |ist

heavy ferm on superconductors
m crowave ferrites

netal hydrides

nmagneti ¢ superconductors
[11-1V sem conductors
frustrated nagnets

Cs0, carbon nanot ubes

col ossal nmgnet oresi stance
quaternary internetallic
super conduct or s

smal | seni conductor clusters
GaN | i ght emtting diodes
porous silicon

liquid crystals

pol yner el ectrol ytes

quasi crystal s

A partial list of new materials that have been

is extensive and
and indicates that new materials discovery and research

into their characterization has been very active and productive.
It should be noted that new materials have been at the center of
many thrusts in condensed matter science during this period.
The rate of discovery remains very high, with new insights being

furnished into many different areas of science through such
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studies. This long-termtrend, spanning two and a hal f decades,
continues to this day, with no signs of slow ng down.

Solid state and materials chemstry is increasingly
regarded as an essential conponent of wmany nultidisciplinary
research prograns. The rate-limting step in many scientific
studies in condensed nmatter physics, for exanple, is the
availability of high quality materials. Further progress in
solid state chemstry is envisioned through continuation of
current activities and expansion in the follow ng three areas:

1. New Synt hetic Techniques. Scientific progress in
solid state chem stry will likely be made both by research that
focuses on purely scientific issues such as the devel opnent of
new synthetic techniques, and by research which is ainmed at
solving long-term technological problenms. Very few of the
conpounds which can be imagined have already been found,
indicating the great potential for exploration of unknown areas,
Figure 3. For exanple, only 0.01% of the possible quaternary
internetallic systenms have been investigated. Mintenance of
core expertise in previously established nmethods and concepts of
solid state and materials chemstry is absolutely fundanmenta
for the continuing discovery of new materials and the
contribution of the field to the larger scientific comunity.

As has been repeatedly denonstrated, new materials can play
an inportant role in fundanental scientific and technol ogical
progress and can be expected to continue to do so. The current
devel opnent of materials of increased conplexity should be
expanded into new areas of research and developnent. The
continuing growth and vitality of the field requires that new
avenues of research be taken iInto account as they arise. Those
new avenues constitute an inportant conponent of an overall
program as they nmay lead to unexpected findings whose
applications or inplications may only be appreciated in the
future.
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Figure 3. The new conpound, b-KyHg3(GeSy)2, shown above

was di scovered during a research program funded by the NSF
whose purpose it was to investigate the potential of new
synt heti c nmet hodol ogi es. This conpound, in a polar crystal
structure, is highly transparent in the infrared, resistant
to Jlaser damage, and shows strong second harnonic
generation. (courtesy M G Kanatzidis).

2. Mul tidisciplinary Research. The interdisciplinary
nature of solid state and naterials chemstry establishes
expertise in areas outside traditional chemstry as an inportant
conmponent of successful research prograns. Cogni zance shoul d be
taken of the increasing inmpact of solid state and nmaterials
chem stry on the wider scientific community through an increase
in interaction and communication with other disciplines. This
theme is al so stressed el sewhere in this docunent. To inplenent
this goal, the participants in this topical presentation
recommend increased nultidisciplinary research and training of
students through exposure to activities outside the wusual
chem cal curricul um This mght occur through joint prograns
sponsored through the NSF, as is done, for exanple, in the
focused research group program where students and faculty
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interact with others in different disciplines in specific
research projects. Exanples of such joint prograns which could
be established to involve interactions between solid state
chem stry and condensed matter physics, solid state chemstry
and el ectrical engineering and materials engineering, or solid
state chem stry and biology. Students should be encouraged to
br oaden their i nterdisciplinary know edge t hr ough t he
educational opportunities available in the relevant academc
departnments. Further, such nultidisciplinary and col | aborative
research activities should be recognized as inportant in
eval uati on processes such as tenure decisions for young faculty.

3. Mat eri als by Design. |In an analogy with synthetic
processes in organic chemstry, a long termgoal in synthesis in
solid state chenmistry is to nmake materials by design: e.g. to
make what is wanted instead of seeing what can be made. As part
of this goal, reaction mechani snms need to be explored to help in
determning reaction principles which wll help direct the
di scovery of unknown materials. Further, as the understandi ng
of structure-property relationships increases and conputati onal
nmet hods beconme nore accessible, it is expected that conputer
ai ded synthesis of new naterials will play an increasing role,
e.g., through prediction of crystal structures which has been
stressed el sewhere in this Report. A nore anbitious |long term
goal is to be able to predict the properties of conplex
materials fromfirst principles. Just as X-ray diffraction in
t he past decade has becone a tool which can be routinely used in
smal|l research prograns wthout extensive crystallographic
expertise, it wuld be of great wutility if user-friendly
theoretical nodeling prograns, such as those used in density
functional theory, becanme available as a tool to be used by
research groups in their synthesis prograns. Such prograns, for
exanpl e, would be very hel pful in understanding the electronic
and magnetic properties of materials that have been synthesi zed.
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Summary

The discovery, characterization and understanding of new
materials is at the heart of solid state and nmaterials
chem stry. The new nmaterials discovered by solid state and
materials chem sts play an essential role in both fundanenta
and applications oriented research in a broad range of
scientific disciplines and technol ogi cal systens. This has |ed
to the rapidly growi ng recognition of solid state and naterials
chem stry in the past ten years as an essential conponent in
mul tidisciplinary research prograns- an indication of its
vitality and emerging i nportance. Due to the conpl exities which
naturally arise fromthe many-body interactions which occur in
condensed nmatter, researchers are presently actively engaged in
the process of discovering and developing the relationships
bet ween t he conpositions of nmaterials and their structures, and
at the sane tine, their structures and their physical
properties. A wide variety of synthetic nethods are presently
being pursued in innovative ways to discover new nmaterials.
These net hods generally either yield access to new regions of
t hermodynam c stability previously not avail able for synthesis,
such as high tenperatures and pressures, or access to
kinetically stable phases synthesized at significantly |ower
tenperatures and mlder conditions. Further progress in solid
state chemstry is envisioned through continuation of current
activities and expansion in three areas: (a) consideration of
mat erials of increasing conplexity in new areas of research and
devel opnent, especially by being inclusive of new avenues of
synthetic research as they arise; (b) increasing the inpact of
solid state and materials chemstry in the wder scientific
comunity through an increase in interaction and communication
with other disciplines; and (c) pursuit of the Iong term goal of
maki ng materials by design through el ucidation and under st andi ng
of reaction pathways, and increased theoretical guidance as part
of the materials discovery process.
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I[11. Hybrid Mterials - M D. War d, Coordi nat or;
T. Bein, G Stucky, M Tirrell, O. Yaghi.
The education of the next generation of materials
scientists and engineers relies on conveying the

fundamental principles underlying the design, synthesis,
and properties of iIncreasingly complex materials.

Nuner ous soci etal needs and the econom c conpetitiveness of
the US rely on the creation and manufacture of new materials

with increasingly conplex properties and function. It is
becom ng increasingly apparent that the nmaterials needs of key
sectors - Heal t h, Envi r onnent , Educat i on, Def ense,
Transportation, Energy, Advanced Technol ogies - are surpassing
the capabilities of traditional single conmponent, nonofunctional
mat eri al s. Consequently, it is ‘inevitable that “hybrid
materials”, i.e., materials assenbled from dissimlar and

commonly inconpati bl e conponents - generally for the purpose of
achieving structure, properties and functions that cannot be
realized with the individual conponents alone - wll play an
increasingly inportant role in future products generated by
materi al s research and devel opnent.

Hybrid materials have nultiple conponents that are
organi zed into spatially identifiable domains wth prescribed
degrees of heterogeneity, on length scales ranging from
nanometers to mcrons. The achi evenent of desirable properties
and functions through integrated structures is already pervasive
in the manufacturing and technol ogy sectors: nunerous famliar
products can be described as hybrid materials (see H storica
Perspective, below). Nevertheless, further advances are needed
to meet applications requiring nore conplex functions, and to
t ake advantage of desi gned synergistic interactions between the
di ssim | ar conponents that introduce new properties or enhance
product performance. Synergy can be inportant to produce
desi rabl e mechani cal properties, optical properties, magnhetism
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i oni ¢ conduction, selective adsorption and diffusion, catalysis,

and charge transport. Hybrid materials my be the desired
product, or my be process internmediates in which a hybrid
architecture present during synthesis is required for achieving
a material with desired structure, norphology, or properties. A
key advantage of hybrid materials is their synthesis from
“modul ar”  conponent s, which permt rational cont r ol and
mani pul ation of property and function wth unprecedented
control. Miltiple conponents provide nore degrees of freedomin
materials synthesis and promse nuch finer control over

properties and function than is typically realized in sinpler

materials. Hybrid materials promse opportunities in cost

reduction if inexpensive conponents can be conbined to achieve
materials with performance identical to, or even exceedi ng, nore

expensive alternatives. The flexibility provided by hybrid
strategies nay lead to alternative processing approaches that
can be environnentally advantageous. Since hybrid materials

of ten invol ve noncoval ent bonding, at |east during processing,
unusual conbi nations of inorganic and organic materials can be
produced in a conpatible manner (e.g., nondegrading to the
organi c conponent). This vastly increases the toolkit avail able
for materials synthesis. Softer forces during assenbly may al so
permt repair of m stakes occurring during assenbly.

In addition to multiple conponents, hybrid materials are
characterized by structures of nultiple I ength scal es which can
be tailored to fit the desired properties. In nmany cases, the
smal l est length scale is of small nol ecul e di nensi ons, serving
to trap or integrate a nolecular or ionic species within a
structure possessing order at a larger length scale. In nany
i nportant exanples of hybrid materials, the materials are
mul ti conponent only during processing or synthesis; t he
mul ti conponent nature is used to tenplate or nold in the
controlled, larger length scale.

At sone length scale, the character of hybrid naterials as
organi zed assenblies at multiple length scales, nerges with the
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character of devices and nachines assenbled to perform
particular functions. Wen the features of devices and
nanof abri cated machines can be reduced to the ten nanoneter
| evel the concepts of hybrid materials and of devices tend to
becore i ndi sti ngui shabl e.

An inescapable feature of all hybrid materials is the
exi stence of interfaces. Consequently, control of interfaces and
their properties is arguably one of the nost inportant needs in
t he devel opnent of hybrid materials. Hybrid materials interfaces
are exenplified by bi ol ogi cal / m croel ectronic (e.q.
protein/silicon); hard/soft (e.g., in lubricated surfaces);
organic/inorganic (e.g., soft tissue/hard tissue; bionolecular
ceramc conposi tes, epi t axi al organic filns); and by
por ous/ conti nuous (e.g., continuous frameworks or nmenbranes with
porous interiors). Interfaces separating dissimlar conmponents
may be as inportant as the conponents thenselves with respect to
materials properties, governing such phenonena as adhesion,
friction, lubrication, perneability, electron transport, and
stress transduction. This need to control interface properties
inplies that solid state chemstry nust be attentive to new
interface design principles and to functional nolecular entities
capabl e of straddling and stabilizing interfaces. Anmphiphiles -
nol ecul es that possess two kinds of affinity within the sane
nol ecule - naturally straddle interfaces and can transmt stress
and signal s across boundari es between nmaterial el enents. Recent
advances in synthesis and characterization that nmake it possible
to control interfaces and mani pul ate conponents at or near the
nol ecul ar | evel indicate that the nost significant advances in
hybrid materials involve structure and property design at snall
| ength scales. These nmust be coupl ed through an under st andi ng
of how this translates into conplex hierarchical structures
defined by | onger |ength scales.

The definition of hybrid materials presented here is
intended to be broad and will undoubtedly continue to evolve
with the devel opnent of conplex materials. “Hybridicity” nay
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exist on nmacroscopic length scales or may pertain to well-
defined dissimlar regions of a single nolecule. Sonme workers
may prefer to reserve this definition to describe materials with
clearly defined regions of dissimlar conmponents that can be
detected by physical characterization methods. Alternatively,
this termmy be nore powerful when used as a strategy, as a
guide by which nmaterials are designed. No matter how this is
viewed, one may anticipate that hybrid materials will be key to
future advances in materials research and products.

Hi storical Perspective of Hybrid Materials

Hybrid materials have played an essential role in all areas
of society; an encycl opedic description of their contributions
coul d woul d be an enornous undertaking. In the area of health
bi oconpati bl e surfaces have been generated for mnedical inplants
of all kinds. These are necessary for the creation of non-
t hronbogeni ¢ interfaces for repair of the cardi ovascul ar system
In sone cases they play a key role both as processing
internediates and in the final product, as in the construction
of porous scaffolds for bone growh and their subsequent
interface with In vivo tissue. Hybrid materials are wi dely used
as external health agents, as in ultraviolet sunscreen coll oi da
cremes (clays intercalated wth organic dyes), controlled
rel ease pharnaceuticals, and wound treatnent. her biologica
substances that are hybrid materials based include mneralized
conposites (e.g., not her of pearl, decorative finishes,
di at omaceous earth).

Al nost every gallon of gasoline is the result of processing
by synthetic zeolites and nol ecul ar sieves, which are porous
mat eri al s assenbl ed by condensati on of an inorganic phase around
a guest structure directing agent that may be a hydrated
inorganic species or an organic nolecule. Their use as
catal ysts, detergent builders (replacing |ess bioconpatible
phosphates), air (oxygen from nitrogen) separation, and nucl ear
waste cl eanup agents is in the negaton range and continues to
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grow. Conmercially they are also used in other applications,
including use as foamng agents for bulk itens such as
autonobile steering wheels or packagi ng, which require
i ntermedi ate tenperature curing processes to create |ow density
interiors and high density, high strength exteriors; water
purification; dye encapsul ation for enhanced lifetine and ease
of dispersion; Carnot cycle air conditioning; and aninal feed
suppl erment s.

One of the largest commercial applications of chem cal
assenbly in current wuse, and being very actively further
explored is the information industry, including conputing,
comuni cation, neasurenent, and data storage. One of the npst
pervasive exanples of self assenbly in this class is high
definition photographic film In this case single sized silver
atomclusters are assenbl ed and organi zed in a three di nensi onal
medium with as highly ordered a three-dinensional periodic
i ntercluster displacenent as possible.

Comput er chips consist of patterned sem conductor arrays,
packaged with interconnects and low dielectric materials. The
organi c-organic and inorganic-inorganic interface chemstry of
these conposite structures nust be defined at the angstrom
| evel . The speed and capacity of these devices has increased at
a phenonenal rate during the past five years, requiring
increasing integration and multifunction incorporation at ever
smal l er length scales. The success of this effort has nade this
undertaking into one of the nmajor econom c engines of the United
St ates econony for several reasons. First, research has shown
that nanostructures functionally organized into coherent
hi erarchies will deliver both dramatically increased and/ or new
capabilities. Second, nanocircuitry has the potential to deliver
a 10° enhancenent in computi ng speed over present systens. This
will require the ~creation of conplex structures wth
approxi mately 5nm conponents. Third, at sonme point which is
rapi dly approaching, bottomup chemcal fabrication of hybrid
based nanoel ectronic devices will becone not only economically
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conpetitive, but mght be the only economcally feasible way to
access conponents of dinmensions | ess than 10 nm

Nuner ous ot her everyday consuner products that have either
their origins in or are hybrid materials include: non-stick
cookware (Teflon with occluded heat-resistant coloring agents
such as ultramarine - a small cage zeolite structure containing
entrapped sul fur radicals); catalytic converters in autonobiles
whi ch consi st of ceram c porous nonoliths of high surface areas
and highly dispersed supported platinum clusters; organic-
inorganic sol-gel films for hard coatings on w ndows and
reflective surfaces; intercalation Ilithium ion Dbatteries;
exfoliated clay-polyner conposites for the enhancenent of
strength and lifetine of comrercial polyners; conposite coatings
for antireflectivity and antistatic properties; electrochromc
di spl ays; recording tapes; and even nore ubiquitous, cenent
products.

Current Activities and Emergi ng Areas

In the follow ng conpilation increasing conplexity serves as a
guideline. Distinctions are nmade between systens constructed on
pre-existing planar substrates (filns), layered materials, and
t hr ee- di mensi onal systens. Clusters are considered in the
context of the resulting end product; for exanple, a |ayer of
gold clusters would be considered a film Qobviously there are
also different degrees of structural order associated wth
different materials; these range fromcrystalline to di sordered.
The ' hierarchy' or conplexity of the materials is also of great
i nterest; one coul d encount er uni que or r epeat ed
(superstructure) sequences of conponents along different vectors
of a reference frane, or 'nesting' of conmponents, or snooth
conposi tion gradients.
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1. Thin Ffilms

Sem conductor quantum well heterostructures, such as
| aser diodes. Energing area: blue |aser diodes.

Sel f-assenbl ed nonol ayers such as thiols, tribology,
adhesi on, sensors. Energi ng areas: phot opat t er ned
DNA films, cell adhesion, biosensors, sensor arrays;
formation of patterned surface structures from bl ock-
copol yners.

Epitaxial nolecular filns, self-assenbled nolecular

(oriented) multilayers wth alternating |[ayers,
organi c/inorgani c conbinations such as phosphonates.
Energing areas: photovol taics, barrier |ayers,

nonl i near optical filmns, sensors.

Sel f-assenbled cluster layers and cluster/polyner

mul til ayers. Energi ng areas: gold cluster |ayers,
surface enhanced Raman spectroscopy substrates,
titanate sheets; appl i cati ons: charge transfer,

Coul onb bl ockade, and the |ike.

Biommetic growh of inorganic phases on organic
| ayers. Energing areas: sem conductor clusters,
zeolites, shape sel ective chem cal sensors.

Hybrid sol-gel derived filnms, such as protective
coatings, anti-reflection filns. Energing areas:
nol ecul ar si eve nenbranes, sensors, biosensors.

2. Layered materials

Layered netal phosphonat es. Energing areas:
functional phosphonate materials: nolecul ar sieving,
catal ysts, energy transfer, and the I|ike.

Mdified layered structures by ion exchange,
i ntercal ation, condensations. QGaphite intercalation.
Exfoliation and re-assenbly of |layered nmaterials.

lonic conductors such as b-alum nas, cat al yst
supports. Enerqging areas: fuel cell electrodes, new
ionic conductors, pillared clays wth tailored

porosity and/or catalytic activity.

Layered redox active hosts intercalated with polyners
showi ng ionic and/ or el ectronic conductivity.
Enerqging area: battery el ectrodes.
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3. Three-dimensional crystalline networks

Zeolites with organic structure-directing agents, and
nodified zeolites for separations and catalysis and
i on exchangers. Ener gi ng ar eas: transition netal
containing zeolites, phosphors, chiral zeol i tes,
stable ultra-large pore zeolites, chiral catalysts and
separation materials, net al clusters and other
clusters in zeolites, epoxidation catalysts, dyes in
zeolites, sensors.

Coordi nati on and nol ecul ar networks invol ving organic
nol ecul es, netal ions or clusters connected by strong
and/ or weak bonding forces). _Energing areas: robust,
porous networks wth tailored porosity, hi ghly
specific nolecul ar sieving/separations, gas storage,
catalytic activity, nonlinear optical systens, drug
fornms with inproved delivery behavior, and the |ike.

Organi ¢ Ferromagnets and Conduct ors.

4. Three-dimensional disordered networks

Sol-gel and polyner derived materials, including
organic-inorganic hybrid materials. This is a vast
area, with many opportunities to vary conponents and
properties. For exanple, protective filnms, restricted
reaction medi a, l'i nked clusters such as
si | sesqui oxanes with organic/organonetallic bridges,
stabilization of nanosize netal or netal oxide
particles in polar matrices. Energing areas: hetero-
substituted silsesquioxanes as catalyst building
bl ocks, optical dye inclusions for nonlinear optica
appl i cations, doped sol-gel materials and | ens forns,
encapsul ated enzynes, novel magnetic materials,
conposites wth exfoliated | ayered or por ous
materials, catal ysts.

Hybrid systens from mneralization in polyners.
Energi ng area: bioinspired conposite formation

Mesoporous materials prepared in surfactant-directed
synt heses. Energi ng areas: mesoporous transition
nmetal oxides, large-pore nesoporous nmaterials wth
bl ock copolyners, in situ nodification of nesoporous
materials with functional groups, control of three-
di nensi onal macroscopi ¢ shape (spheres, oriented
films, plates, and fibers, and self-organi zed shapes),
bi osepar ati ons.

Post - synt hesi s nodi fi ed porous networks and nesoporous
materials. Heterogeneous catalysts, chromatographic
nmedia. Energing areas: grafting of functional groups

36



and net al conpl exes/ cl usters into nMesopor ous
materials, stabilization of nanoneter scal e conducting
W res.

e Lithographically sculpted/ nodified preformed bulk
materials such as silicon which are 'hybrid nmaterials'

of highest conplexity, electronic circuits. Energing
area:. three-dinensional stacking of circuitry.

Synt hesi s and Processi ng

Sinple atomc units

The general approach  of building a material from

conponent s, ("building from the bottom up") resenbl es
construction of a house frombricks and nortar. Usi ng atons,
t he di rect deposi tion of atom c | ayers to Create

heterostructures is probably the nost el enental approach to the
construction of conplex materials (atomc or nolecular beam
epitaxy for the production of semconductor quantum well

het erostructures provides nunerous exanples). This type of

construction is closely related to chemcal vapor deposition
(CVWD); deposition of conponents from the deconposition of

specifically designed precursor nol ecul es or reactants.

Mbl ecul ar units

The next type of building blocks of increasing conplexity
i nvol ve nol ecul es (nostly soluble) such as alkyl thiols for the
construction of self-assenbled |ayers on netal substrates, the
vast nunber of coordination networks (netal ions or clusters
connected by network-formng ligands), and nolecular crystals
that have distinct conponents assenbled in new arrangenents.
Mol ecul ar properties are being transferred (and nodified) in the
resul ting solid.

Assenbly with formati on of bonds between buil di ng bl ocks

The assenbly process becones nore conplex if strong
coval ent bonds are forned between sone conponents of the system
The vast field of sol-gel chemstry (including organic-inorganic
hybrid materials) provides nunerous exanples, both in thin filns

37



and bulk forms. Qher famlies of systens include zeolites with
organi c structure-directing agents, |ayered netal phosphonates,
and nesoporous naterials prepared in surfactant-directed
synt heses.

G ant building blocks (relative to typical nolecular size)
are now being created using the principles of colloid chemstry.
In this approach, conponents that have their own extended
|attices are being assenbled into disordered hybrid materials or

even superlattices. Sonetimes, these building blocks are
conbined wth polyneric, 'soft’ conponent s. On  planar
substrates, exanples include the formation of layers of

stabilized gold clusters, or the assenbly of exfoliated titanate
sheets with pol yel ectrol ytes. Extended networks include sol -gel
enbedded iron clusters, or superlattices of stabilized
nanonet er - si ze CdSe cl usters.

Modi ficati on of existing structures

A rather different synthetic approach is the nodification
of existing extended structures by ion exchange, intercal ation,
or condensation (sone exanples of "chimie douce"), in order to
formnew hybrid materials. G aphite intercalation is probably
the archetype reaction in this famly.

Scul pting of pre-forned materials

Fi nal |y, l'i thographic 'scul pting' of preformed bul k
materials such as silicon has been the basis of the
m croel ectronics industry. A vast arsenal of etching and thin
film deposition techniques can be used to produce an imense
variety of 'hybrid materials' of highest conplexity: electronic
circuits.

Forces used in the assenbly of hybrid naterials

In the construction of many hybrid materials, non-coval ent
forces (often hydrogen bonding) are utilized to assenble an
enornous variety of nolecul es and conponents into nore conpl ex
structures. Oten structural control derives fromthe ability

38



to arrange hydrogen bond donors and acceptors on the buil ding
bl ock nol ecul es with synthetic nmethods of organic chem stry.

The formati on of a specific covalently bonded structure can
be assisted by weaker forces: exanples range from construction

of sel f -assenbl ed nono- and mltilayers with vari ous
functionalities (using covalent bonds for attachment, and
di spersion forces that help assenble the film structure) to
zeolite synthesis with organic 'tenplates'. O her exanpl es
i ncl ude mul til ayers of char ged conponent s such as
pol yel ectrol ytes (addi ng el ectrostatic forces), t he
intercalation in pre-assenbled |ayered hosts (sonetinmes using
electron transfer), ~construction of <chelate conplexes in

nanoscal e zeolite cages (size-entrapnent), and the intriguing
structural control obtained in the liquid crystalline assenblies
used for the synthesis of nmetal oxide nesostructures. The
coordinative bond (local bonding geonetry of transition neta
ions) can al so be used when assenbling building blocks in three
dinmensions, for instance in coordination polyners |inking
transition nmetal sites with appropriate |igands.

One of the nost powerful concepts in the synthesis of

conplex solids is the "tenplate" approach. O'ten an organic
nmol ecul e is used to inpart certain structural features to the
solid under construction. Many exanples pertain to the

synthesis of zeolites, but nore recently, the structure of sone
coordi nation polyners has also been nodified by using organic
structure directors or solvents. The non-coval ent interactions
can exert exquisite control over the structure of the resulting
system For exanple, the new fam |y of nesoporous materials is
formed in a cooperative assenbly process from organic
surfactants and i norgani c building blocks that crosslink during
synthesis. The tenplate concept can also be turned around to
use holl ow hosts as tenplates for the stabilization of guests in
certain shapes, such as netal wires, clusters, etc.
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Oten, the interfaces generated in (or wused in the
generation of) the hybrid systens define their structure and
properties. This can range fromstructure-directing in zeolite
synthesis to the wetting behavior of perfluorinated self-
assenbl ed nonol ayers. The comon principle in nost, if not all,
of these hybrid systens is that they are far fromthernodynam c
equi librium They exist because they are prepared under |ow
tenperature conditions that favor netastability. This feature
creates sonme intriguing simlarities wth biological objects
(conposites in bones, shells or tissues are very conplex hybrid
systens).

There appear to be no limts to the creation of novel
hybrid nmaterials - the vast nunber of building blocks and
assenbly concepts continues to be devel oped further, and their
potential conbinations are virtually infinite. Numerous physical
properties and potential applications of hybrid materials are
now being explored, including structural, non-linear optical,
magnetic, and electronic effects, as well as many catalytic
reactions.

Educati on

This topic is being extensively covered el sewhere in this
Report. Nevertheless, it is appropriate to discuss this natter
briefly in the context of the current presentation. The
education of the next generation of materials scientists and
engineers relies on conveying the fundanental principl es
underlying the design, synthesis, and properties of increasingly
conplex materials. This wll require an interdisciplinary
approach to education, so as to increase the breadth of
students, wthout, however, sacrificing depth. This is a
critical challenge that argues for a substantial revision of the
curriculum or of programmatic requirenents. At the very |east,
new scientists nust beconme sufficiently exposed to multiple
facets of materials - chem stry, physics, solid state structure
- so that communications between different disciplines is
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facilitated, thus permtting individual scientists to feel
confortable in areas in which he or she has had no fornal
traini ng.

Char acteri zati on

This topic is also being covered in other sections; we
concentrate on aspects specific to hybrid materials. The
synthesis and utilization of hybrid materials have undergone
recent explosive growh, as have techniques for controlling the
chem stry and structure of interfaces. In the same span of tine
new characterization tools, such as scanning probe m croscopy,
have been invented, and have been invaluable in characteri zing
m croscopi ¢ structure. However, their devel opnent has not kept
pace with problens posed by this growing class of new nmateri al s.
In general, hybrid materials have structures on many |ength

scal es, are conplex in conposition, and assenble via
i nconpl etely wunderstood dynam cal processes involving both
strong and weak forces. The increasing inportance of hybrid

materials is likely to drive the devel opnment of new tools for
i magi ng and determ ning structure on several |length scales, for
measuring materials properties with better spatial and tenporal
resol ution, and for under st andi ng dynam cal pr ocesses,
structure, and properties on a theoretical basis.

The follow ng are perceived as inportant current needs in
hybrid materials characterizati on and anal ysi s:

. Determination of structure on several length scales.
Single crystal and powder diffraction nethods are arguably the
nost i nportant characterization tools in solid state chem stry.
Hybrid materials, however, are often nulti-phase or anorphous.
Even when one crystalline phase dom nates nost of the materi al
(for exanple, in a colloidal crystal made from sem conductor
nanocrystals), there are inportant issues of size dispersity in
the building blocks, epitaxy and degree of order, and
hi erarchi cal structure. The accurate determ nation of domain
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and particle sizes inthis class of nmaterials is problematic,
and i nproved scattering, imaging, and spectroscopic nethods are
needed. Information-rich, spatially |ocalized spectroscopies,
such as nultiphoton, conf ocal , and near-field optical
techniques, are likely to be increasingly applied to hybrid
materials problenms in the future. Solid-state NWMR is also
continuing to develop as a tool for determning |ocal structure
and connectivity in solids. In all these areas, there is a
strong need for both theoretical and instrunental devel opnent.

Wth thin films and nanoscale materials, scattering and
spectroscopi ¢ nethods wll beconme increasingly useful as the
brightness of sources (neutron, x-ray, lasers) and the
sensitivity of detectors increases. The sane devel opnents are
likely to lead to new inaging and topographic nethods, using
particles and short-wavelength radiation. There are also
opportunities wth this class of mterials for conbining
characterization techniques in new ways: for exanple, conbining
rheometry and scattering nethods to determine particle size
di stributions.

. In-situ structural methods, imaging, and spectroscopy.
The synthesis of materials that have structures on several
I ength scales inplies conplex reaction nechanisns, as well as
parallels with the formation of hierarchical structure in

bi ol ogi cal systens. So far, the principles underlying these
reactions are poorly understood and thus present an inportant
fundanment al chal | enge. Devel opi ng a conceptual and theoretical

framework for these reaction nechani sns requires in-situ nethods
that work across several length and tinme scal es.

. Buried interfaces. Interfaces are an inherent conponent of
hybrid materials and thin filns. There is an increasing need
for non-destructive, sensitive techniques to probe the detailed
structure and properties of buried interfaces within hybrid
mat eri al s. At present, relatively few probes exist that are
specifically sensitive to these interfaces (an exception, in
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the case of contacting isotropic phases, is second harnonic
generation). The devel opnent of new interface-specific nethods
is therefore an inportant opportunity area.

. Defects and trace components. Oten structural defects,
inmpurities, and trace conponents have an extrenely inportant
influence on the nacroscopic properties of nmaterials. The
el ectronic properties of doped sem conductors are perhaps the
nost famliar exanple of this effect. Many exanpl es al so exi st
within the realm of hybrid and conposite nmaterials. For
exanpl e, the ferroic properties of oxide ceramcs are influenced
by very | ow concentrations of hydroxyl defects. Likew se, the
nmechani cal strength of sea urchin spines is a consequence of
very small amounts of protein inclusions in a calcite single
crystal. The secondary structure of the protein that is
responsible for its biological function is only stable wthin
the calcite crystal. Both exanples contain a mnority conponent
t hat must be characterized in situ, in order to understand its
effect on the properties of the conposite. These probl ens
suggest the need for new developnments in structural analysis
that yield information on small anounts of |ocalized inpurities
or defects in hybrid materials.

. Theoretical development and computational tools. There is
a need for theoretical developnent at several |evels. It is
wi dely appreciated that the synthesis and properties of several
kinds of hybrid materials (for exanple, porous solids, polyner-
crystal conposites, and colloidal crystals) involve weak, |ong-
range forces acting in concert with strong short-range forces.
The nmeasur enment of t hese forces, nol ecul ar-1 eve

characterization of interfaces, reaction nechani sm studies, and
determ nation of phase equilibria are inportant experinental
chal | enges. These studies <create new, interesting, and
difficult problens for theorists. Accurate simulations of these
phenomena presently range fromthe expensive to the inpossible,
because they involve a wde dispersion of length and tine
scal es. The devel opnent of conputational methods and tools is
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needed to tackle this problem to guide nmeasurenents, and to
assist in the interpretation of experinental data (for exanple,
in experiments aimed at neasuring |local forces). The synthesis
of hybrid materials is rational in a sense, but at present is
guided only by heuristic rules, and the products are often
totally unexpected. This situation could be inproved by a
better theoretical understanding of the chem stry of interfaces
(e.g., the surfactant-inorganic interface in porous naterials
synt hesi s), phase equilibria, and reaction nechani sns.

Chal | enges and Future/ Emergi ng Needs

The future needs for hybrid materials are apparent in key
sectors of the econony as well as areas of inportance to
soci ety, including Health, Environnent, Education, Defense, and
Technol ogy and Conpetitiveness. The advancenent of these
materials hinges on several key challenges wth respect to
el uci dating fundanent al scientific principles, devel opi ng
synthetic strategies, and naterial s design.

Chal | enges

Fundamentals

. Est abl i shi ng structure-property rel ati onshi ps t hat
transcend | ength scal es

. Elucidating the role of weak non-covalent forces on
assenbly, including nol ecul ar organi zation at interfaces

. Devel oping new principles for the control of interface
and t hree-di nensional structure

. Providing new conputational tools for prediction and
design of properties that facilitate the elucidation of
structure-property relationshi ps and provi de gui dance for
synt hesi s

. Setting up new nethods for rapid devel opnment of new

materials and optim zation of properties and function, as
di scussed el sewhere in this report in further detai
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Synthesis

Synt hesi zi ng new nmaterials t hat exceed exi sting
performance and durability by tenfold, while reducing
cost

Introducing nmultiple levels of functionality

Establishing the degree of robustness of different
material s and i nterfaces, during use and in
synt hesi s/ processi ng

Est abl i shing structure control at the nol ecul ar or near-
nol ecul ar | evel

Exploiting higher dinensional networks for materials
synt hesi s

Devel opi ng protocols for using self-assenbling filnms that
can be prepared at | ower cost under anbient conditions

Setting up gradient structures

Performance

Some

e nmultifunctiona

e reproducibility

 gradient structures

* specific nolecular recognition

e durability and cost

e prescribed nechanical properties

future products

* shape sel ective chem cal sensors

e quantized particles by suitable sizing

* norphologically controlled mcrostructures

* encapsul ated nol ecul ar wires and redox storage systens
* bi oi nspired conposites

* inproved drug delivery systens

 stable porous zeolite and nol ecul ar franmeworks

* nanoporous nedi a desi gned for nol ecul ar separations
e newoptical nmaterials (e.g., gradient structures)

* environnental renediation

* tissue engineering and physiol ogi cal interfaces

* highly specific, controllable separations

* nodul ar catal yst systens

* responsive naterials
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| V. Societal Needs and Technol ogical Opportunities -
D. W Murphy, Coordinator; A. Sleight, T. Vanderah,
S. Whittingham
It is important both to sustain the exponential
growth of existing technology and to encourage
discontinuous breakthroughs. This requires a portfolio
of research activities that are 1insulated from
technology to the extent that adventurous paths are

pursued, but not isolated from the major technological
driving forces.

The primary goal of solid state and materials chemstry
research is to ensure that the necessary fundanmental know edge
base exists for emerging and future materials related
t echnol ogi es. That know edge base enconpasses the generation of
materials, the relationship of their properties to structure and
processing, and the techniques to evaluate rel evant structures,
properties, and anal yses. The application of that know edge
base to technol ogy depends on strong interactions between the
research and application communities.

Mat eri al s have had a strong inpact on technol ogy and have
often led the way in new technol ogies. Listed belowin Table 3
are exanples of general ways that materials chemstry inpacts
topics identifiable to the public.

Soci etal Needs and Technol ogi cal Opportunities

The primary goal of solid state and materials chemstry
research is to ensure that the necessary fundanmental know edge
base exists for emerging and future nmaterials related
t echnol ogi es. That know edge base enconpasses the generation of
materials, the relationship of their properties to structure and
processing, and the techniques to evaluate rel evant structures,
properties, and analyses. It can be argued that the grand
chall enge is to understand, control, and predict the structures
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and properties of solids so as to generate new materials wth
superi or physical properties.

Table 3. Identifiable public topics and inpact of
materi al s.
Heal t h

di agnostic tools, bioconpatable
mat eri al s. ..

Ener gy
production, conversion, storage,
efficiency..

Envi r onment
energy efficiency, sequestration
i nsul ation, sensors..

El ectroni cs and

Comruni cati ons
i nfornmati on storage, displays,
packagi ng. .

Transportation
sensors, energy conversi on,
structural ..

Security
nati onal, airport, personal..

Sci ence
gens and mi nerol ogy, biom netic,
reacti on nechani sns. ..

Educati on
train future scientists, help society
becone nore technologically literate and
capabl e. ..
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Advances in materials have been a |large factor in inproving
both the quality of life and quantitative (e.g., G oss Nationa
Product) neasures of it. The list above in Table 3 provides
specific exanples of general ways that materials chemstry
i npacts our everyday life.

Hi story has repeatedly denonstrated that progress is nade
t hrough both sudden bursts of insight and by | ogical extension
of current technol ogy. The sem conductor industry is a good
exanpl e of both nodes. 1In the early 1960's it was not at al
obvious that integrated circuits beyond a few transistors would
be viable; yet for the last two decades growh has been very
predictable following More' s Law Technol ogi es dependent on
the know edge base generated by Solid State Chemistry and
Materials are growi ng as fast as 50% per year; to continue this
trend requires a steady stream of Solid State Chem stry and
Materials research to support present technology and to seed new
t echnol ogi es. Moore's |law has been extrenely accurate in
predicting a variety of quantities such as information storage
density, the cost of a transistor, or the nunber of transistors
per unit area over two decades. The |aw does not prescribe how
to achieve such results - only that it wll happen. CGetting
there requires innovation and | eads researchers to ask questions
such as how to nake a transistor for a picodollar, or where the
current manufacturing process breaks down, or what other
mat eri al s or phenonena coul d provide a new paradi gm The | aw
serves as the basis for a roadmap for the chemcally based

i ndustri es. Many other industries have or are enbracing
roadmaps which are primarily used for business planning, but can
hel p researchers identify appropriate areas of research. The

i mportance and scope of materials chem stry evolves and grows in
response to the energi ng technol ogi cal needs and opportunities.

It is inportant both to sustain the exponential growh of
exi sting t echnol ogy and to encour age di sconti nuous
br eakt hroughs. This requires a portfolio of research activities
that are insulated from technology to the extent that
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advent urous paths are pursued, but not isolated fromthe major
technol ogical driving forces (such as nmassive conputational
power, a greater enphasis on environnental inpact, portability
of communi cations, etc.). The portfolio requires allocation of
resources to the broad areas of know edge which those
t echnol ogi es nust draw on (exanpl es include surfaces, defects,
optics, high frequency behavior, etc.) and to the skill sets
that will be needed to obtain this know edge (theory, anal yti cal
techni ques, nmaterials preparation, etc.). At the sane tine, the
portfolio nust include activities that stimul ate other
scientists and may | ead to new technol ogi es.

The U S. ranks very highly in the world s best overall
materials research portfolios, thanks to strong governnent
support, strong research universities, and a healthy industri al

base. H storically, the US solid state conmunity has been
known  for its strong leadership in structure-property
rel ati onshi ps, even though research outside the US.,
particularly in Europe, has dom nated the initial discovery and
structures of new solid state inorganic conpounds. Wiile we

need to maintain our historical strength, a stronger presence in
the generation of new materials is critical because the rest of
the world has followed the US |l ead in placing greater enphasis
on structure-property relationships. Wile in previous decades

one was able to scour the literature for nmaterials whose
i mportant properties had been ignored, such know edge wil]l
increasingly be claimed by the initial discoverer. Anot her

danger signal on the horizon derives from the significant
scaling back of research in the industrial sector. This group
of researchers provide the key conduit for infornmation exchange
between industry and academ a. Mechanisns to nurture those
connections should be encouraged. Mechani sns  such as
Cooperative Research and Devel opnent Agreenents exist, but
reviews are mxed, due to issues of intellectual property which
often limt conplete idea sharing and di ssem nation of results.
Sabbati cal |eaves for academ cs in industrial |aboratories, and
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tutorial workshops at various national and regional scientific
nmeetings are other possibilities.

Table 4 on page 51 |lists sonme acconplishments and
opportunities in the solid state chemstry and nmaterials
conmunity, aligned with publicly identifiable topics. These

exanples are illustrative and not neant to be conplete or
exclusive. It is highly satisfying that the interdisciplinary
nature  of the subjects indicates that many  of t he

acconplishnents in the area of solid state chemstry and
materials are shared with other disciplines.
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Tabl e 4.

chem stry and nateri al s.

Heal t h

Pi ezoel ectrics for
ul trasound
di agnosti cs

Soft contact | enses

Pacenaker batteries
Drug delivery

X-ray phosphors
Liquid crystal

t her monet er s

MR coils

in vitro sensors

Transportation

Pl astics to replace
nmetal s

Stronger/lighter
structural naterials

Cor r osi on-r esi st ant
materials

Corrosion protection

Pol lution-free
vehicals - hybrids

Actuators

Smart mrrors
Nd2Fe14B nagnet s
Catal ytic coverters

Oxygen sensors

Energy

H gh energy-density
batteries

Phot ovol t ai cs

Ther noel ectrics

Naf i on nenbranes for
fuel cells

Catal ysi s

I ntercal ation
batteries

Sol i d oxi de fuel
cells

Reversible O
el ect r odes

Sci ence

Pore-size control in

silicas

H gh- T,
super conduct or s

Solid state reaction
mechani sns

Negat i ve ther mal
expansi on material s

Conbi nat ori al
materi al s di scovery

Bi onenetic materials

Ful | er enes

Environment

Wast e encapsul ati on
and di sposal

xygen sensors

Catal ytic converters

Aternatives to
toxic materials

M neral processing
wast e reduction

Freon-free
refrigeration

Solid acids

Super insul ation

Educati on

| CE program and
material s teaching
conpani on

I nternet courses for
conti nui ng educati on
in naterials

I nterdisciplinary
trai ning and
communi cati on

Areri can Cheni cal
Soci ety naterials
chenmistry exans
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Acconpl i shmrents and opportunities in solid state

El ectronics /
Communi cati ons

Di spl ays (phosphors,
liquid crystals)

Dielectric materials

H gh resol ution
di spl ays

Pol yam de interl ayer
dielectrics

Packagi ng seni con-
duct or conponents

Lasers and frequency
doubl i ng

Pi ezoel ectric
filters / resonators

ptical fibers and
anplifiers

I ndi umfree
t ranspar ent
conductors

Phot or esi sts

Storage nedi a -
optical and magnetic

H gh and | ow
dielectric nmaterials

H gh Q frequency
filters

Security

N ght vision and
infrared detectors

Transportati on
security systens

Sonar detectors
Bul | et - proof vests

Expl osi ves detectors



PANEL DI SCUSSI ON REPORTS

V. Panel on Education - S. M Kauzl arich, Coordinator;
J. Chan, A. Ellis, M Gesel bracht, B. Rei sner ,
A. Stacy.

Solid state and materials chemistry iIs an
interdisciplinary science essential to progress in
science and technology. Providing a skilled, diverse
work force for this field, and developing an
appreciation for the uniqueness of solid state chemistry
among students and the public is only achievable through
advances 1n education.

Thi s panel considered the general topic of education in the
broad context of both solid state chemstry and materials
chem stry as a unit, since both the educational problens and the
opportunities in these two disciplines are very closely |inked.

Solid state and materials chemstry is an interdisciplinary
science essential to progress in science and technol ogy.
Providing a skilled, diverse work force for this field, and
devel oping an appreciation of the uniqueness of solid state
chem stry anong students and the public is only achievable
t hrough advances in education. W treat education in this area
in the broadest sense, and consider the different |evels of
education that need to be addressed. The present section is
organi zed according to different target audiences, which have
been categorized in four groups: students, colleagues, the
practitioners of solid state and materials chemstry, and the
public.

What are the i ssues?

Students The influx of new faculty in solid state and

materials chem stry presents an unprecedented opportunity
to introduce students to the chemstry of extended
structures, al ongsi de t he chemstry of di screte
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nol ecul es. However, there are still many institutions
where students graduate from chem stry departnments never
having been introduced to extended structures. Thi s
raises issues for education and training at several

different |evels. First, at a general |level, science
literacy for all students should include an introduction
to and appreciation of materials. This requires the

i ntroduction of solid state and materials chem stry to K-
12 students and its continued presence throughout the
under graduat e and graduate curriculum Second, to enrich
this field it 1is necessary to increase the nunber

quality, and diversity of students that we attract. This
requires focusing on introductory chem stry courses, as
these are the pressure points or gateways for the rest of
the chemstry curriculum A background in solid state

and materials chem stry will enhance the capabilities of
incomng graduate students who wll specialize in this
ar ea.

Colleagues It is necessary to educate faculty col |l eagues

to the inportance of integrating materials topics in the
chem stry curriculum regardless of their own research
interests. Colleagues should be educated and encour aged
to gain a better appreciation for the role of chemstry
in materials research. A better understanding not only
i mpacts the hiring and tenure decisions for new faculty
in solid state and materials chemstry, but also the
al l ocation of resources, particularly at the departnenta
| evel

Practitioners Educating ourselves about opportunities

and innovations both in research and teaching serves to
informand unite the solid state and materials chem stry
community. For exanple, sharing information on avail able
resources and expertise strengthens the research
capabilities of the comunity. It is essential for
scientists inthis field to avoid working in isolation;
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rather, they should share and create new ideas in
education as a comunity.

Public It is necessary to ensure a nore Vvisible

integration of solid state and materials chemstry in
public presentations of chemstry topics. This is
achi evabl e only through the successful education of the
t hree groups discussed above. Direct public outreach that
hi ghlights the chem stry in technol ogi cal products could
help inprove the public perception of the value of
chem stry and chem sts.

What is the current status?

Pre-col | ege Level. NSF fundi ng supports projects ai ned
at pre-coll ege teachers and/or students through the Directorate
of Education and Human Resources at the following website:
(http://ww. nsf.gov/ hone/ ehr/start.htm. At the K-6 |evel, many
of the projects cross a nunber of disciplines such as physi cal
sciences, rather than falling within a single discipline such as
chem stry. At the high school |level, some projects are
separated into chemstry, biology, and physics, but are
generally not as specific as solid state, materials chem stry,
or materials science. Many projects may include a materials
sci ence conponent, but my not include those words in their
description. By polling faculty, networking, searching the NSF
dat abase and searching the Wb, the panel was able to identify
the following projects that directly relate to materials and
thus, to solid state and materials chem stry.

Explorations of Materials Science, a nodule devel oped

by Gener al Atom cs® that includes i nvestigations of a
netal, polyner, and ceramc.

Super sci ence, a col | ection of K- 6 enri chment
activities. Some of the physical science conponents of
nodul es developed for Full Option Science Systens

(FCSS;, Lawence Hall of Science, UC Berkeley), and
Science and Technology for Children (STCQ are
mat eri al s-sci ence rel ated. These projects include
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investigations wth solar cells, advanced nagnetic
materials, NTi menory netal, superconductors and
sline.

Al'l of the NSF-funded Science and Technol ogy Centers

(STC)’s as well as the Materials Research Science and
Engi neeri n%‘) Centers (MRSEC)’s have an education

conponent . Most of the prograns nmintain an active

website® detaili ng their outreach activities ainmed
towards their conmunity. Many of these centers also
provi de t rai ni ng, hands-on-activities, st udent
materials, and teacher aids for educators, in order to
di ssem nate and encourage the inclusion of materials as
part of the K-12 curriculum One exanple is the
Materials Wrld Mdules Program (see the web site at
http://nmrcems. ms. nmu. edu/ mvl i ndex. htm); a nodule is
avai l able on conposites, and additional projects are
currently being field tested.

Col | ege Level. There are several different approaches
for providing solid state and materials chem stry education to
students at the college |evel: through formal course work,

t hrough special prograns in solid state and materials chemstry,
and t hrough undergraduate research opportunities. The current
status of projects receiving NSF funding in these area are very
prom sing. The presence of solid state and materials chem stry
in curriculum devel opnment projects was assessed by a survey of
projects funded through the Division of Undergraduate Education
(DUE) . A list of 44 proposals was generated, using the NSF
dat abase for projects funded since 1994 that contained the words
‘materials science’ or ‘materials chemstry' . Education at the
college level is now an integral part of all research based
proposal s which involved solid state and materials chemstry.
In addition, the educational conponents of STCs and MRSEC s
mentioned above inpact many undergraduates. Under gr aduat e
research opportunities in solid state and materials chemstry
are currently funded through individual principal investigator
awards, as well as by Research Experience for Undergraduates
progranms. The Summer Research Programin Solid State Chem stry
for Under gr aduat e St udent s and Col | ege Facul ty
(http://ww. usc. edu/ dept/ chem st ry/ nsf sunprgni) deserves
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particul ar nmention as being highly successful. This program has
been in place since 1985 and has hosted approximtely 20
students and 5 faculty per year. This adds up to a total of 240
students and 60 faculty since its inception. The participants
i nvol ved approxi mately 40% wonen and 15% mnorities. Fi gures
t hrough 1996 show that 52% of the participants pursued graduate
education in chemstry, wth an additional 16% going into
graduate progranms in related fields such as materials science,
engi neeri ng, and bi ochem stry.

It is more difficult to assess the current status of fornal
course work in solid state and materials chem stry. A Wb-based
survey of 57 of the top funded (total research dollars and/or
total NSF funding, FY94) chem stry departnents was conducted:
nore than 90% of these schools include sone mention of solids
and materials in their course offerings.” However, at the
undergraduate level, the representation of solid state and
materials chemstry in the curriculum ranged from a topical
course to a few Ilectures in general chemstry. A nore
conprehensive presence of solid state and nmaterials chemstry
t hroughout the curriculumis encountered at institutions with
faculty menbers whose research interests are in this general
field.

Several recent and ongoing projects serve as excellent
nodels for incorporating solid state and materials chemstry
into introductory chemstry courses. Mat eri al s-intensive
general chenmi stry courses have been devel oped by Gary Whek and
Peter Ficalora at the Rensselear Polytechnic Institute (G E
Wek and P. J. Ficalora, Chemtech, 1991, 21, 664) and by M
Stanley Wiittingham at SUNY-Binghanton (see the site at
http://inr.chem bi nghant on. edu/). Engi neering students at RPI
take two senesters of the "Chemi stry of Materials" course that
was initiated in 1988. The course is jointly taught by faculty
in chemstry and materials science and engineering. Wiek has
| aunched a version of "Chem Materials" at Virginia Conmonweal t h
University in 1997, co-taught with faculty affiliated with the
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chem stry departnent. Virginia Commonwealth is also in the
process of planning a jointly taught (chemstry and chem cal
engi neering) organic chem stry sequence, bringing in industrial
chem stry; an applied inorganic chem stry course for juniors is
in the discussion stage, which would also be jointly taught and
whi ch woul d span sonme established (sulfuric acid manufacturing)
and new (mcroelectronics fabrication) inorganic chem stry.
Wiek is working on a textbook based on this course with a
col | eague, Mark Pal ner.

A variety of instructional materials has been devel oped by
the Ad Hoc Committee for Solid-State Instructional Materials
(supported by NSF, Dreyfus Foundation, and the Anerican Chemi cal
Society), in response to the "Report on the National Science
Foundati on Undergraduate Curriculum Devel opmrent Wrkshop on
Materials," (Qct. 11-13, 1989); National Science Foundation,
Washington, D.C., April 1990. This report highlighted the need
to integrate solids into introductory chemstry and physics
courses by providing conpelling solid-state exanples for core
concepts. The effort is sumarized in the follow ng articles:
“"Materials Chem stry. An Emerging Discipline,” L. V. Interrante,
L. A Casper, A B EIlis, Eds., Adv. Chem. Ser. 1995, 245, ACS
Books, Ch. 2; "You Do Teach Atons, Don't You? A Case Study in
Breaking Science CQurriculum Gidlock," L. Lyons and S. B.
Mllar, University of Wsconsin-Mudison LEAD Center, 1995;
A. B. HElis, Chemtech, 1995, 25, 15, and J. Chem. Ed. 1997, 74,
1033. A nunber of products have been generated from this
project,”® including a nodel kit for solid state structures. |CE
(Institute for Chem cal Education) has sold over 1000 of these
kits to date. An exanple of a one-senester introduction to
chem stry for science and engineering najors in which these new
instructional materials are integrated is given at the
foll ow ng website:

(http://genchem chem w sc. edu/ genchenl FALL97/ 109/ El lis/ellis.htm
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Much of this material has also been used in the two-senester
nonmaj ors course sequence at the University of Wsconsin-
Madi son.

QG her perspectives on materials education, including
pol ymers and naterials science, are inportant in the education
of students. In our course survey, only information on courses
within chem stry departnents is provided. However, the panel

recogni zes that education in the area of polynmers and materials
sci ences benefits both students and faculty and is a valuable
resource. A few highlights of educational activities in these
related disciplines are presented here. In the area of
pol ymers, there is the PCOLYED project, the Anerican Chem cal
Soci ety pol yner education effort at the University of Wsconsin-
Stevens Point, under the direction of John Droske, which has
many instructional rmaterials avail able. PCLYED al so sponsors
schol arshi ps for undergraduates in pol ynmer science. Exanples of
the Materials Science perspective can be found in the follow ng
articles:
(1) “Materials in the Undergraduate Chem stry Curricul unf

S. Wittingham Materials Research Society Bulletin
1990, 15, 40.

(2) "The Conmputer as a Materials Science Benchmark," D. J.
Canpbel |, J. K Lorenz, A B. Elis, T. F. Kuech, G C
Li sensky, S. Wiittingham J. Chem. Ed. 1998, 75, 297
(Anerican Chem cal Society). This article is featured
as part of the 75th anniversary volune of J. Chem. Ed.

The use of various materials in a conputer illustrate
the rapid developnent of materials science over the
past 50 years; in addition there is speculation on

where the field may be headed in the next 25 years.

(3) The August 1990 volune of the Materials Research
Society Bulletin addresses nany areas of education.

(4) “The Introduction of |WMaterials Science into the
Chem stry Curriculumand Chem stry into the Engi neering
Curriculum” W doffke, and T. Kotch Proceedings of
the American Society for Engineering Education 1990,
897.
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Through the American Chem cal Society Commttee on
Professional Training, chemstry departnments can provide an
option to chem stry majors who wi sh to enhance their background
in materials or in polyners. Currently, the American Cheni cal
Soci ety web page indicates only one institution which features
this option for materials (the US. Ar Force Acadeny). Ten
institutions have such an option in the polyners area. ( By
contrast, 74 institutions have a biochemstry option). SUNY
Bi nghant on has al so adopted this option. Details on the process
required to institute these prograns can be obtained through the
ACS web site (http://ww. acs. org/cpt/hp. htn).

Graduate School Level. The NSF has instituted a new
program called Integrated Gaduate Education in Research and
Trai ning (1 CERT):

(http://ww. nsf.gov/ home/crssprgmiigert/start. htm

which will replace of the Gaduate Research Traineeship (GRT)

program The program will enphasize nultidisciplinary projects
and as such is a natural avenue for furthering solid state and
materials education at the graduate |evel. Qut of 62 full

proposal s that were reviewed, approximately 8-10 are nmaterials
rel ated; NSF plans to fund approxi mately 20. The University of
Houston offers a Certificate in Materials Science to graduate
students. It does not have a separate departnent in Material
Sci ence and Engi neeri ng. This program provides students with
the interdisciplinary training necessary to work in solid state
and materials chem stry. An exanple of distance learning is the
new online MS programin materials at SUNY Bi nghant on.

Where are we goi ng?

Recommendati ons to the community. We of fer specific
reconmendations to inprove the current |evel of education and
t he educational outreach at all |evels. These reconmendations
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are ained at providing education to the larger materials
conmunity and are inclusive rather than exclusive of the
subdi sciplines within materials research. W al so suggest ways
to increase the degree of cooperation at the national |evel
which will also inpact the |ocal |evel.

Guidance to students:

1. Encourage the integration of solid state and nmaterials
chem stry into the undergraduate chem stry curriculum by the
foll ow ng mechani sns:

Hol d wor kshops for textbook authors and publishers to

facilitate the incorporation of materials into
traditional chemstry texts.

Create conprehensive solid state and rmaterials

chem stry textbooks that provide a fundanental
framework for a core curricul um

Encourage the establishnment of the Anerican Chem cal

Society-certified Materials Chemstry option for
bachel or | evel degrees at nore institutions.

Team teach a materials course wth faculty from

pol yners, material s sci ence, or ot her rel ated
di sci pli ne.

Establish a Ph.D. in Chemstry wth enphasis on
Material s Sci ence.

Devel op a new paradigm for undergraduate research in
solid state and materials chem stry.

One way that the community can assunme a | eadership role in
chem stry education is by developing an innovative course to
i ntroduce students to solid state and materials chem stry which
is not nerely an add-on to the current chemstry curriculum
| nst ead, we propose to engage groups of students in research on
a specific topic in solid state and materials chem stry over the
course of approximately two years. The course would be offered
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as a one unit course (per senester) that integrates other
courses that students are taking, thereby encouraging them to
apply the concepts introduced in the standard chem stry courses
to interesting and challenging problenms in solid state and
materials chemstry. This is a new approach to engaging
under graduate students in research, by encouraging themto work
cooperatively with focused guidance fromfaculty. W envision
that several faculty would propose jointly a specific research
topic to the students and then serve as their advisors.
| deally, the faculty would be at several different canpuses and
i ncl ude departnents other than chem stry. Each tine the course
is offered, the research topic could change. This would provide
a new nodel for engaging students in research, for informng
them of opportunities at the frontiers of research in solid

state and rmaterials chem stry, and for st r engt heni ng
interactions within the community, both across disciplines and
across camnpuses. We propose to call the course: "Structured

Adventures in Solid State and Materials Chem stry."

2. Facilitate communi cation from NSF-sponsored prograns with an
educati onal conmponent (CAREER, MRSEC, STC, | GERT) to the |arger
chem stry comunity, in particular:

Provide links to existing chem stry education efforts,

such as the mgjor NSF-funded consortia pursuing
systematic refornms in the undergraduate chemstry
curricul um

Establish nmechanisns for wdely distributing the

results of educational innovations in solid state and
materials chemstry to the wider chemstry community.

Guidance to our colleagues and ourselves:

Ensure a solid state and materials chemstry presence

in synposia at American Chemcal Society, Materials
Research Soci ety, and Anerican Physi cal Soci ety
meet i ngs.
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Provide opportunities for tutorials and plenary

lectures in cutting-edge areas of solid state and
materials chemstry.

Devel op and naintain a Wb site for the solid state and

materials chemstry comunity that informs  and
cultivates opportunities, ideas, and innovations. Sone
of the specific links recommended from the pane
I ncl ude:

1. Teaching resources. This would include Ilinks to useful web
sites for teaching and learning solid state and materials
chem stry as well as nodel exanples of the incorporation of this
discipline into the chemstry curricul um®

2. Alist of faculty honepages in the solid state and material s
conmuni ty. This should be especially useful for prospective
undergraduate students |ooking for graduate prograns in solid
state and materials chemstry.

3. Senester, summer, and co-op research opportunities for
under graduates such as Research Experience for Undergraduates
sites with a solid state and materials conponent, the NSF sunmmrer
solid state chemstry program and the SERS fellowships at
Departnment of Energy | aboratories.

4. Opportunities for research interactions between nenbers of
t he academ ¢ comunity and of the national |aboratories.

Guidance to the Public

The solid state and nmaterials chemstry comunity

should wite articles about solid state and materials
chem stry that reach the general public in venues such
as nmagazi nes and newspapers.

Participate in the dissemnation of materials by
connecting to existing prograns.

Be involved with schools in the comunity to nake a
difference at the |ocal |evel.
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The community has made a good start in educating all the
groups nentioned above, but there is still much nore to be done.
There are opportunities for nore involvenent of faculty and
scientists in the education of the public. W urge the NSF to
continue to play a mgjor role in providing opportunities for
growm h in educational prograns at all |evels.

Ref erences in the text may be found in Appendi x B on page
78 of this report.
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VI. Panel on Facilities and Resources - T. M Swager,
Coordi nator; F. Bates, D. Bishop, J. Jorgensen, T.
Mar ks

The wuseful scientific Hlifetime for a piece of
equipment is at most ten years and the NSF should be
replacing at least 10% of the current equipment base
every year 1f the scientific infrastructure is not to
become obsolete.

The commentary of fered bel ow i s based both on deliberations
by the Panel that considered various aspects of Facilities and
Resources, and on input by attendees at the Wrkshop, during as
well as after, the formal discussions.
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New Opportunities. New and untested ideas are critical
to the evolution of science. |In recognition of this potenti al
NSF has established an inportant nechanism to support
specul ative research through the Small Gant for Exploratory
Research Program This program was recently increased from a
single year at $50,000 to $100,000 in the first year with a
potential second year of funding at the | evel of $50,000. The
expanded nature of this award was received favorably, as it wll
likely be nore effective at initiating changes in the direction
of an investigator’s program

Support for Young Professors. NSF has devel oped very

effective mechanisns to support junior faculty. Earlier
programs were criticized as "beauty contests” and nany
individuals felt there is a need for a formal proposal. Thi s

has lead to establishment of the NSF CAREER Award, which
resenbles in many ways a standard NSF grant application, thereby
providing the award nore credibility. The Wrkshop participants
consi dered this programto be highly successful.

Gr ant Size and Mechanisms for the Review of
Proposal s. Al though researchers would welcone increased
funding, the Wrkshop participants expressed a strong consensus
that the size of Division of Mterials Research grants should
not be increased if it would result in fewer grants. NSF has an
outstanding record for supporting the best science and
mai ntaining fairness in funding the research proposals they
receive. This includes extensive and careful peer review One
ef fect of the conbination of a growing scientific conmunity and
nomnally constant dollars (considering inflation) in mny
scientific areas is that the acceptance rate for proposals has
decreased. The viewis that the success rate for proposals is
dangerously low. Any additional pressure on the systemwould be
extremely harnful and would decrease the range of research
activities supported, which is presently skillfully bal anced by
NSF- Di vi sion of Mterials Research.
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The budget restrictions at NSF may have been so severe that
the ability to obtain accurate reviews and to sel ect proposals
for funding is in danger of being conprom sed. The panel
consi dered whether the present system of nail reviews was
wor ki ng effectively, in light of the |arge nunber of proposals
in the systemand the | ow success rate. The problem of a single
reviewer who is asked to evaluate a proposal in isolation
wi t hout avail abl e conparative rankings is becom ng severe. A
reviewer by hinmself or herself never knows where the threshold
is in any given conpetition and is faced with the decision of
either giving the proposal an excellent rating or running the
risk of rejecting it with a less than excellent nark. Thi s
i ssue was di scussed extensively by both the sub-panel and the
Workshop as a whole. Neither the present system of individual
mail reviews nor the establishment of panels of experts was
strongly endorsed. The conmunity at |arge seened to prefer an
i nternedi ate approach whereby proposals would be reviewed by
i ndi vidual reviewers in batches. This would pernit conparison
of related projects. However, <concerns were raised as to
whether the reviewers should be asked to rank order proposa
merit. Such ranking could not take into account variations in
quality between groups of proposals handled by different
reviewers. It was felt by the Workshop participants that the
batch review process would have the benefits of both of the
current systens and while mnimzing the drawbacks of each.

Predoct or al and Post doct or al Fel | owshi ps.
Fel | owships represent an inportant mechanism for funding
i nnovative new research, and maintaining NSF's conmmtnment to
educat i on. G aduate students and postdocs wth fellowship
support generally have nore flexibility in their choice of
research projects and/or research groups. However, predoctoral
fell owships are extrenely conpetitive, with a success rate of
only approximately 15% The flexibility provided by the
fellowships is inportant to all ow these young scientists realize
their true scientific potential.
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The D vision of Materials Research has never established a

Post doctoral program The Workshop voted overwhelmngly to
reconmend that the Division establish a Postdoctoral Fell owship
program It is perceived that such a nove will be critical for

establ i shing the next generation of academ c researchers.

The NSF has established cooperative relationships with the
O fice of Naval Research and the Environnental Protection Agency
for joint support of research. An expansion of these types of
activities may offer new opportunities to expand fellowship
support. The Departnent of Education has a program entitled
Graduat e Assistance in Areas of National Need (GAANN) whi ch has
been wused to support graduate students at a nunber of
departrments in the country. Interest expressed by other
agenci es for establishnent of graduate fell owshi ps represents an
opportunity for NSF to expand support for basic research and
educat i on. NSF shoul d consider cooperative arrangenents with
ot her Federal Agencies, such as the Departnent of Education or
Departnent of Defense to expand fell owship support for graduate
st udents.

Large vs. Small Centers and Single PI vs. Multiple
Pl Grants. The panel found that the general bal ance between
centers and individual Pl grants was appropriate and that the
DVR staff was both very well informed and attentive to the needs
of the community. The center prograns have all been well-
reviewed by the peer conmunity. Centers vary widely in size
and scope, as is appropriate for the intended research and the
needs of each particular scientific constituency. Shar ed
facilities, supported either within NSF-supported centers or in
facilities of other agencies (Departnment of Energy, National
Institute of Standards and Technol ogy, etc. ) play an inval uabl e
role in leveraging resources and in providing the research
conmunity with the nost “bang for the buck.” The panel did
find, however, that information on the capabilities, entry
procedures, and user charges for these shared facilities was not
al ways readily accessible. It is recommended that facility
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managers be nore responsive to these needs. An addi tional
benefit from inproved access is the potential for greater
industrial use of the facilities, which can provide an inportant
revenue source for support of shared facilities. The panel also
recogni zes that NSF shared facilities cannot and should not
conpete with privately owned characterization facilities. The
panel found that the nenu of instrunmentation grant prograns
avail able to investigators was varied and intelligently tailored
to a variety of needs. The Division of Materials Research is to
congratul ated in successfully conpeting for new Mjor Research
I nstrunmentation funds for the D vision.

Eval uati ng Cost vs. Benefit. Defining the appropriate
nmetrics for evaluating scientific quality (science citation
i ndex, nunber of publications, patents, nunber of PhD s
produced, nunber of invited lectures, etc.) is an age-old,
contentious problem The panel feels that the D vision of
Mat erial s Research is very sensitive to this issue, and that a
good m x of peer review processes are enployed by the Division
in the rating/fundi ng decision-maki ng process. The panel feels
that no nmajor changes, other than occasional fine-tuning, are
necessary.

In regard to the value to society and | ong-termvs. short-
term inpact of Dyvision of |Materials Research-supported
research, the panel has no recomendations for inproved
eval uati on of such contributions, other than previous D vision
of Materials Research-sponsored reviews of center prograns and
t he consensus of the peer comunity.

Optimzing the Use of Nat i onal Facilities by
Division of Materials Research-supported Scientists.
National facilities, such as neutron and synchrotron |[ight
sources are becom ng increasingly inportant as characterization
tools for the entire materials chemstry community. The nost
recent statistics from the US Departnent of Energy and the
Nati onal Institute of Standards and Technol ogy research reactor
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show that there were 5344 on-site users of the four Departnent
of Energy-operated neutron sources (HFBR, HFIR, [|PNS, LANSCE)
the four Departnent of Energy-operated synchrotron sources
(SSRL, NSLS, ALS, APS), and the National Institute of Standards
and Technol ogy research reactor during FY1997. This nunber of
users is increased a factor of two to three when coll aborators
who did not actually visit the facilities are included. An
anal ysis of these user popul ati ons shows that 46% are associ at ed
with Universities conpared to 26% from Gover nnent | aboratori es.
The dom nant scientific disciplines are materials science (37%,
life science (269, and chem cal science (12%. Thus, while one
cannot specifically separate the materials chemstry conmunity
in these user profiles, it is clear that they represent a |l arge
fraction of the facility users.

The NSF-Di vision of Materials Research is already playing a
key role in the growh of this large-facility science. They
fund two synchrotron sources, SRC and CHESS, several beam /| ines
at other synchrotron sources, and two beam lines at the N ST
reactor. These activities are all science based and are
supported because of their inportance to the mssion of the
Division of Materials Research. In addition, numerous other
materials scientists are supported to perform experinents at
these facilities, as confirmed by the user statistics cited
above.

This devel opnent should <continue and offers severa
opportunities for solid state chem sts and nmaterials scientists.
Because sone of the national neutron and synchrotron sources are
presently underutilized, there is opportunity to achieve
considerable scientific productivity with increnmental funding.
Most of the facilities are in the position where base-line
operating expenses are funded, so that additional funding can be
used directly for the construction and operation of productive
instrunentation. This is especially true, for exanple, for the
Advanced Photon Source, where beam lines are currently being
construct ed.
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The next-generation neutron source for the United States,
the Spallation Neutron Source, scheduled to be built at QGak
Ridge National Laboratory, is on the brink of receiving
construction funds. Mich of the instrunentation will be funded
by the US Departnent of Energy as part of the construction
project. Nowis the best tinme for the solid state and materials
chemi stry conmunity to influence the instrunent design choices
and to ensure that their future needs are net.

As another inportant step, the capabilities of these
neutron and synchrotron sources should be nade available to the
entire solid state and materials chemstry comunity, noving
beyond those who operate beanlines or submt specific research
proposal s. The creative use of renote access should allow
neutron and synchrotron X-ray scattering to become routine
characterization tools in the hands of all solid state and
materials chem sts. This requires paradi gns for accessing these
facilities other than through peer-reviewed proposals that
necessarily create delays in performng experinents. Initial
efforts to neet these routine needs of the user comunity, for
exanple, the “fast-access” nodes of perform ng experinents at
IPNS and the National Institute of Standards and Technol ogy
reactor, illustrate that the facilities are likely to welcone
i nput about their accessibility and response nodes.

Possi ble New Facility/Equipnment Initiatives. A
nunber of new facilities and new pieces of equiprment were
di scussed by both the sub-panel and the Wrkshop as a whole
Suggestions for new directions included:

a) increasing support for the devel opnent of phase di agrans

b) computer facilities to increase the |level of theoretical
analysis in the average paper in this field

c) new vapor deposition tools to facilitate the fabrication of
thin filns sanples, such as a nolecular beam epitaxy
facility for chem cal synthesis
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d) extreme conditions for both fabrication as well as
nmeasur enent, such as high pressures, high tenperatures, |ow
t enper atures, high magnetic fields, etc.

e) induction furnaces for cold crucible growh techni ques

f) 900 MHz Nucl ear Magnetic Resonance system for use at the
Nat i onal Magnet Laboratory,

g) conbinatorial synthesis/screening facilities.

A universally expressed need was for equipnent in the
$20, 000- 100, 000 range which falls bel ow what can be asked for in
a speci al equi prent proposal and is larger than what can usually
be accomobdated in a grant which averages |ess than
$100, 000/ year. It was suggested that the NSF consider a way to
facilitate the acquisition of such pieces of equi pnent which are
becomi ng nmandatory in any nodern |aboratory. The issue of
equi prent acqui sition and mai nt enance was generally felt to be a
rate-limting step in scientific progress and was thought to be
a probl em which should be addressed in a newinitiative. As a
way of deciding whether this is really a problem for the
community as a whole or it is nerely the perception of a few
nmenbers of the panel, the follow ng exercise was reconmended:
In any functioning, successful business, capital purchases are
determ ned by the need to replace the capital plant on a tine
scal e consistent with its lifetinme. For exanple, with a useful
scientific lifetine of ten years at nost for a piece of
equi pnent, the NSF should be replacing at |east 10% of the
current equi pnent base every year i f the scientific
infrastructure is not to beconme obsolete. The panel asks the
NSF to determine if its capital equipnment purchases are greater
or less than this anount, as a way of determ ning whether a new
equi pnment initiative is warranted.

QG her issues discussed by the panel were whether NSF
shoul d: a) provide additional staff support for user facilities,
b)i ncrease the requirenents for university support for grants,
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c) and require those with NSF purchased equi pnent to share it
with the cormunity at large. The view of the panel was that
there was not a sufficient consensus of the Wrkshop to warrant
any change in present NSF policy.

VI1. Panel on Defining What is Materials Chem stry -
S. 1|. St upp, Coor di nat or; P. Al i vi sat os, L.
Interrante, J. Moore.

...materials chemistry has become a new branch of
science that will continue to develop iInto the next

century, driven by new or improved technologies that
depend on designs involving molecular scales.

Thi s panel was organi zed to answer the question "Wat is
the intellectual scope of materials chem stry?" and to delineate
the relations between nmaterials chemstry and other well
established disciplines such as materials science, chemcal
engi neering, and solid state chem stry. The general view was
that the subject matter is a discipline concerned with the
under st andi ng and control of functional condensed matter from a
chem cal perspective. Several elements of nmaterials as
functional substances were di scussed; for exanple:

. the «critical role played by processing in the
functionality of materials;

. their variability of conposition, which ranges from
el emental substances to highly conpl ex m xtures;

. the profound effects that defects and norphol ogy have
on their properties.

It was recognized that the nature of materials utilized by
soci ety changes with tine. Materials chemstry evolves |argely
by increasing interactions wth all the subdisciplines of
chem stry, while at the same time sonme fundanental aspects of
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solid state <chemstry develop independently of nmaterials
chem stry. It was generally agreed that the synthetic aspects
of materials cannot be considered in isolation; rather, the
interface between nmaterials science and engineering and
materials chemstry is an evolving interdisciplinary activity
whi ch is experiencing rapid grow h. Nonet hel ess, sone of the
audi ence expressed their concern that functionality need not be
an essential component in the definition of what constitutes
materials. Qhers felt that materials chemstry and solid state
chem stry were one and the sanme. However, both panelists and
audi ence agreed that materials chem stry is an exciting area of
scientific opportunity which wll profoundly inmpact the
t echnol ogi cal aspects of our society.

Est abl i shment of a definition of materials chemstry is a
chal | enge because of the difficulty in defining what naterials
are. In the technical arena materials are recognized as matter
used to construct the devices and macroscopic structures of a
hi ghly devel oped technology, particularly in areas such as

transportation, conmuni cation, information, infrastructure,
consuner goods, and health care. Nature constructs highly
functional devices and conplex macroscopic as well; hence a

great deal of materials chemstry is to be | earned from bi ol ogy.
Since the objective of materials chem stry is to use substances
to build devices and nacroscopi c structures, materials chem stry
cannot be developed in isolation fromrel ated areas of endeavor.
One nust al so often integrate organic and inorganic natter in a

controlled manner in a materials system Therefore, the
materials chemst nust be famliar wth all branches of
chem stry, particularly the less traditional ones, such as
pol ymer chem stry and solid state chem stry. At present, it
seens safe to state that materials chem stry has becone a new
branch of science that will continue to develop into the next
century, driven by new or inproved technol ogies that depend on
designs involving nolecular scales. The new science and
technical capabilities will probably develop at the interfaces
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between the <current technologies and in areas where the
know edge base is expanding rapidly, such as: the interface
between information age technology and nol ecul ar biology, or
between naterials processing and frontier synthetic chemstry,
or environmental technologies at the interface between nmaterials
science and the biological sciences. 1In all these and others
not nentioned here materials chem stry materials chem stry pl ays
a key rol e because such interdisciplinary activities rely very
heavily on the synthesis of chemcal structures and on
nanot echnol ogy di ctated by design needs. W now exam ne sone
supporting evidence for the rising inportance of materials
chem stry as a new branch of chem stry.

Interest at NSF in nmaterials chem stry dates back to the
1980's; a workshop report published in 1986 identified the field
as one of "exceptional opportunity in fundanmental science".
Sone of the promsing areas that were identified illustrate
further the intellectual scope of materials chemstry. These
i ncl uded the design and synthesis of solids, the mechani sns of
reactions in the solid state, chemstry at surfaces and
interface chemstry under extreme conditions, and novel
chem stry relevant to materials processing. The above listings
are still wvalid today. O particular inmportance to the
definition of the field is the design aspects in the synthesis
of solids, as is also enphasized elsewhere in the present
Report. This chem cal objective cannot be pursued independently

of our knowl edge base in physics, materials science,
engi neering, and biology as related to bionolecular structures
and biomnetic materials. |In response, the NSF has established

several special prograns over the past decade such as Materials
Chem stry, Materials Chemstry and Chem cal Processing, and
Materials Synthesis and Processing. These funding opportunities
reflect the interests of |eading academ c institutions which
are, in turn, excellent sensors of current industrial interests
and research and devel opnent activities. I ndustrial research
and devel opnent is not always involved with |ong termgoals and
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is not generally visionary in nature, particularly in the
current downsized state of industrial science. Current
industrial practice does reflect near future needs and thus,
t echnol ogi cal pathways that are likely to beconme promnent in a
few years. This is therefore and area in which academ a can
play a very wuseful supportive role, particularly regarding
| onger range objecti ves.

Anot her inportant indicator of the still energing interest
in mterials chemstry is to be found in the literature. In
1989 the Anerican Chemcal Society initiated the journa
Chemistry of Materials which is still experiencing a steady

growh in the publication of papers. This Journal was actually
preceded by a European publication entitled Materials Chemistry,

currently known as Materials Chemistry and Physics. Q her
journals initiated since then include Advanced Materials and
Journal of Materials Chemistry. The success of these

publications reflects the Jlarge increase in faculty at
universities in the United States and abroad whose main research
interests lie in the field of materials chemstry. In sone
subareas such as polyner science, the nunber of faculty has
increased by a factor of five over the |last two decades; nost of
this increase since 1985 has occurred in chem stry departnents.
Adequat e fundi ng of these research activities should be a high
priority in Government agencies supporting research

The need for growmh in materials chemstry research and
student training is <clearly denonstrated by the current
operation of the chemcal industry and its projected future
activities. A recent report published in Chemical and
Engineering News contains tabul ati ons of chemi cal sales for the
top 100 conpanies in the US. The top six conpani es (DuPont, Dow
Chem cal , Exxon, Ceneral El ectric, Union Carbide, and Aroco) al
support considerable research efforts reflecting their interest
in materials. The nunber of conpanies anong the top 100 whose
products are nmainly related to materials chemstry can be
conservatively estimated to be as high as one third. 1In terns

74



of chemcal sales the mgjority of these conpanies (60% rank
anong the top 50. The report showed, however, that chem cal
sales have grown only noderately anmong the top 100 conpanies
since 1995. However, a large nmajority of conpanies with a
significant activity in materials chemstry experienced an
increase in sales, sone to an extent well above the average in
the industry. An extremely inportant factor not captured in
this report is that at the turn of the 21st century one can
expect the continuing energence of nany snmall high technol ogy
conpani es concerned with materials chem stry based products. On
the basis of current trends this growmh nmay well occur in areas
involving information age technology and bionedical and
envi ronnental technol ogies. Therefore, the NSF shoul d address
the critical funding needs for expansion of research activities
and of the educational efforts (as discussed el sewhere in this
report) in the field of materials chem stry.

Acknowl edgment: The author is grateful to Dr. Norbert
Bi kal es for providing sonme of the infornation presented in this
article.
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APPENDI X
Appendi x A.  Workshop Devel opment and Organi zati on.

Prelimnary planning for the Wrkshop began at the Gordon
Research Conference in Solid State Chem stry at New London, NH
in July 1996. A Planning Committee for the W rkshop was then
formed. A subgroup of this Planning Conmittee convened at the
Mat eri al s Research Society neeting in Boston on Decenber 5, 1996
to lay the groundwork. The full Committee met on January 25,
1997 in Chicago to draw up concrete plans for the Wrkshop. The
Pl anni ng Conm ttee consi sted of:

Burdett, University of Chicago

D Sal vo, Cornell University

Honi g, Purdue University, chair

Kauzl ari ch, University of California, Davis
Mal | ouk, Pennsylvania State University, Secretary
Mur phy, Lucent Technol ogy

Nel son, National Science Foundation, ex officio
Stupp, University of Illinois, Chanpaign-U bana
Swager, Massachusetts Institute of Technol ogy

D. Ward, University of M nnesota

T 4000 A0~ M-
ST rsmc e RN

After the untinely death of J. K Burdett, his place was taken
by S. Lee, University of M chigan.

The Workshop was set up with reference to the guiding
principles enunerated earlier. In response to a request from
the Solid State Chemistry and Materials Planning Commttee, D. L.
Nel son coordinated the drafting of a set of charges w th nmenbers
of the Division of Materials Research Managenent Coordinating
Team This set was subsequently coordinated wth the
Directorate for Mathemati cal and Physical Sciences before being
further considered by the Interagency Liaison G oup.
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The W rkshop agenda were refined and finalized at a
subsequent neeting of the Planning Comrmittee (in the absence of
J. K Burdett and F. J. Di Sal vo who had ot her commtnents) at
the Anerican Chem cal Society nmeeting in San Francisco in April
1997, based on inputs from the Solid State Chemstry and
Mat erials community. |Information about the projected Wrkshop
was dissemnated at the Gordon Research Conference on Solid
State Chemistry at Oxford, England, in Septenber 1997, at which
further commentary by the Solid State Chemistry and Materials
community, especially fromthe overseas contingents, was sought.
F. J. D Salvo subsequently generated lists of workers in the
Solid State Chemstry and Materials comunity who were
affiliated with academa, industry, and government. These
i ndi viduals were notified by e-mail about the planned Wrkshop
and invited to coment on the proposed Wrkshop agenda. The
sane information was publicized at a web site generated for this
purpose by S. M Kauzlarich. Responses were conpiled and
distributed to the Planning Conmttee by J. M Honig. Thus,
consi derable effort was devoted to the accumrul ati on of feedback

fromthe community before the W rkshop took pl ace. The final
programwas relayed to the Solid State Chemistry and Materials
community via e-mail and the web site. I ndi vi dual scientists

wer e encouraged to participate in the Wrkshop proceedi ngs, and
those attending the Wrkshop were asked to register at the
Wor kshop site.

The preparation of the final report was conpleted after
| engthy consultations between J.M Honig and nenbers of the
Pl anning Committee in February - May 1998. The final report was
conpiled and prepared by P. K Dorhout at Colorado State
University May - August, 1998. The present docurment is the
product of the above-nentioned operations.
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Appendi X B. References from the Panel on
Educati on.

1. Explorations of Materials Science, a nodule devel oped by
CGeneral Atomics, San Dy ego, has been extensively field
tested. Parts of this nodule are included in the bookl et
based on the ACS Satellite Television (see item 5 below).
Additional information is available from M. Patricia
Wnter, Education Qutreach Coordinator, GCeneral Atom cs,
P.O Box 85608, San D ego, CA 92186-9784 (tel. 619-455-
3335); wi nters@axd. gat.com

Line of Resistance Kit, ICE (Institute for Chem cal
Education) - graphite pencil is used to draw electrical
circuits to investigate resistivity;, an experiment with a
pi ezoel ectric crystal is also included

Seeing the Light: The Physics and Materials Science of the
I ncandescent Light Bulb - this is being developed to be in
alignnent with the Benchmarks and Standards

2. Interfaces, a brochure provided by the National Science
Foundation which provides a general description of
educational activities within the Materials Research Science
and Engi neering Centers.

3. National Science Foundation Science and Technol ogy Centers
(STC s) http://ww. nsf.gov/od/ osti/centers/stcaward. ht m

Mat eri al s Research Science and Engi neering Centers (MRSEC s)
http://ww. nsf. gov/ nps/dnr/ nrsec. ht m

4. A conplete listing of all the Universities surveyed, along
with courses offered is available upon request from S. M
Kauzl ari ch (snkauzl ari ch@cdavi s. edu) .
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Pr oduct s i ncl ude:

Text for teachers, “Teaching General Chem stry: A Materials

Sci ence Conpani on” (“Conpani on”) A matrix assists in
finding solid-state exanples for traditional t opi cs
covered in general chemstry. Laboratory experinments,

denonstrations, and supplier list.

“Solid State Resources,” CD-ROM JCE Software; provides
~100 ani mations and film clips based on the Conpanion
t ext.

Institute for Chemcal Education Solid State Mdel Kit.
Permts the facile construction of approximately 80 conmon
structures using rods, tenplates, and 4 sizes of spheres in
radi us rati os.

Institute for Chem cal Education Optical Transform Kit.
Provides four 35-mm slides, each containing 8 different
arrays of dots that permts the user to mmc the essential
features of the X-ray diffraction experinent using only a
smal | | aser.

"Teachi ng Chem stry, 1994. A Materials Science Anthol ogy.”
Anerican Chemical Society Satellite Television Semnars
(vi deot ape and resource booklet with many other leads to
instructional materials).

http://ww chem ucdavi s. edu/ gr oups/ kauzl ari ch/ dnr/
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APPENDI X C. Program of the Workshop on the Present
Status and Future Devel opnments of Solid State Chem stry
and Materials.

Al neetings were held at NSF Headquaters, 4201 WI son
Boul evard, Arlington, VA 22230

Thur sday, January 15, 1998

Room 375
08: 30 VWl comng Remarks, T. Wber, National Science
Foundat i on
Wrkshop  Organi zati on, J. M Honi g, Pur due
Uni veri sty
Topical Presentations
08: 45 T1l. The Di scovery of New Materials D scoveries,
R Cava, Princeton University, Coordinator
R Haushalter, M Kanatzidis
09: 45 T2. Strucutre-Property Rel ationshi ps,
Steven Lee, University of M chigan, Coordi nator
M Geenblatt, T. Hughbanks, A Rappe
10: 45 COFFEE BREAK
11: 15 T3. Hybrid Materials
M D. Ward, University of M nnesota, Coordinator
T. Bein, G Stucky, M Tirrell, Q Yaghi
12: 15 LUNCH
13: 45 Remarks by R Ei senst ei n, Nat i onal Sci ence
Foundat i on
14: 00 T4. Soci etal Needs and Technol ogi cal Qpportuniti es,

D. W Mur phy, Lucent Technol ogi es, Bel |
Laborat ori es, Coordi nator
A. Sleight, T. Vanderah, S. Whittingham
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Discussion Groups
15: 00 - 17:00

Room 360 Topic 1, Cava
Room 365 Topic 2, Lee
Room 370 Topic 3, Ward
Room 375 Topic 4, Murphy

Panel Preparations Meetings
16: 00 - 18:00
Room 380 Panel 1, Kauzlarich (see bel ow)
Room 390 Panel 2, Stupp (see bel ow)
Room 1060 Panel 3, Swager (see bel ow)
Preparations of Report Outlines

20: 00 - 21:30
Room 375 Prelimnary presentations by coordinators on their

findings (Topical presentations) or preparations

(panel discussions for Friday, below.
T. E. Ml louk, Pennsylvania State University, Chair

Fri day, January 16, 1998

Room 375
Panel Discussions
08: 45 P1. Educati on and Trai ni ng
S. M Kauzlarich, University of California, Davis,
Coor di nat or
J. Chan, A Ellis, M Geselbracht, B. Reisner, A.
St acy
09: 45 P2. Wat is Materials Chem stry?
S. |I. Stupp, University of Illinois, U bana,
Coor di nat or
P. Alivisatos, L. Interrante, J. Moore
10: 45 COFFEE BREAK
11: 15 P3. Facilities and Resources,

T. M Swager , Massachusetts Institute of
Technol ogy, Coor di nat or
F. Bates, D. Bishop, J. Jorgenson, T. Marks
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12: 15 LUNCH

Preparation of Draft of Report Outlines

14: 45 Coor di nat or s, topic presentors, and panelists
assenble to prepare a draft report in their own
ar eas.

Same Room Assi gnnents as for Thursday Afternoon

Saturday, January 17, 1998

Room 1060

Preliminary Drafting of Report
08:30 - 12:00 Planning Commttee assenbles to finalize draft
of report, J. M Honig, Purdue University,
Chair, R Cava, S. M Kauzlarich, S. Lee, T. E
Mal l ouk, D. W Mirphy, D. L. Nelson (ex
officio), S. I. Stupp, T. M Swager, M D

War d.
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APPENDI X D. Listing of Regi st er ed

Att endees

Partici pants i n Wrkshop Presentati ons:

OVNAZSAAVEP P> >00CAA0NICrA“DZIZIP>OMETOAMT

Alivisatos, University of California, Berkeley
Bates, University of M nnesota

Bei n, Purdue University

Bi shop, Lucent Technol ogi es

Cava, Princeton University

Chan, University of California, Davis

D Sal vo, Cornell University

Ei senstein, National Science Foundation

Ellis, University of Wsconsin, Madison

Cesel bracht, Reed Col | ege

G eenblatt, Rutgers University

Haushal ter, Synyx

Honi g, Purdue University

Hughbanks, Texas A&M University

Interrante, Renssel aer Pol ytechnic Institute
Jorgensen, Argonne national Laboratory

Kanat zidis, Mchigan State University
Kauzl ari ch, University of California, Davis
Lee, University of M chigan

Mal | ouk, Pennsylvania State University

Mar ks, Northwestern University

Moore, University of Illinois, U bana-Chanpaign
Mur phy, Lucent Technol ogi es

Nel son, National Science Foundation

Rappe, University of Pennsylvani a

Rei sner, University of California, Berkeley
Sleight, Oregon State University

Stacy, University of California, Berkeley
Stucky, University of California, Santa Barbara
Stupp, University of Illinois, U bana-Chanpaign
Swager, Massachusetts Institute of Technol ogy

Wor kshop

Vanderah, National Institute of Standards and Technol ogy

Ward, University of M nnesota
VWeber, Nati onal Sci ence Foundati on

Wiitti ngham State University of New York, Binghanton

Yaghi, Arizona State University
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Att endees Who Reqgi stered at t he Wrkshop:

Bedard, Universal Ol Products

Chen, Ryder Coll ege

Corbett, lowa State University

Dor hout, Col orado State University

DuBoi s, Defense Advanced Research Projects Agency
| bers, Northwestern University

Jacobson, University of Houston

Jones, State University of New York, Binghanpton
Kaszynski, Vanderbilt University

Kell er, University of Mssouri, Colunbia

Kel | ey, Departnment of Energy

Kertesz, CGeorgetown University

Li, Rutgers University, Canden

Martin, North Carolina State University

Mont gonery, | ndiana University

Murray, International Business Machi nes, Watson
Neumann, National Institute of Standards and Technol ogy
Pazi k, Ofice of Naval Research

Poeppel nei er, Northwestern University

Reeber, Arny Research Ofice

Sun, International Business Machi nes, \Watson

Ti ssue, Virginia Polytechnic Institute

Toby, National Institute of Standards and Technol ogy
Zhang, Georgia Institute of Technol ogy

NOIOWODAR—CODOr“C“ZDnTs><roema
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APPENDI X E. Listing of 1Individudals Who Provided
Witten Commentary Concerning the Wborkshop Organizati on.

The individuals listed below provided witten comentary to
assist the Planning Committee in delineating the Wrkshop
obj ectives. Due to a conputer mal function, the listing nay not
be conplete; any om ssions are entirely inadvertent.

R Bedard, Universal G| Products

Beebe, Jr., University of Uah

Bei n, Purdue University

Byrn, Purdue University

Caneron, National Science Foundation

Corbett, lowa State University

Dor hout, Col orado State University

Doxsee, National Science Foundation

Fi sher, National Science Foundation

Grolam, University of Illinois, U bana-Chanpaign
Goodenough, University of Texas, Austin

Gey, State University of New York, Stony Brook
Harri ngton, National Science Foundation

Hawort h, National Science Foundation

Hess, National Science Foundation

H xon, National Science Foundation

| bers, Northwestern University

Irene, University of North Carolina

Kanat zidis, Mchigan State University

Kel | ey, Departnent of Energy

Kumar, National Science Foundation

Lapporte, National Science Foundation

Lovi nger, National Science Foundation

MacDonal d, National Science Foundation

Mal | ouk, Pennsylvania State University

Martin, North Carolina State University

McDevitt, University of Texas, Austin

MIler, University of Uah

M randa, National Science Foundation

Mur phy, Lucent Technol ogi es

Parise, State University of New York, Stony Brook
Pazi k, Ofice of Naval Research

Pickett, University of California, Davis

Richtol, National Science Foundation

Toul ouse, National Science Foundation

Tour, University of South Carolina

Vanderah, National Institute of Standards and Technol ogy
Ward, University of M nnesota

Vel | ek, National Science Foundation

Whittingham State University of New York, Bi nghanton.
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